Investigation of wellbore stability in a North Sea field development by Hilgedick, Steven Austin
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
Fall 2012 
Investigation of wellbore stability in a North Sea field 
development 
Steven Austin Hilgedick 
Missouri University of Science and Technology, steven.hilgedick@mst.edu 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Petroleum Engineering Commons 
Department: Geosciences and Geological and Petroleum Engineering 
Recommended Citation 
Hilgedick, Steven Austin, "Investigation of wellbore stability in a North Sea field development" (2012). 
Doctoral Dissertations. 2199. 
https://scholarsmine.mst.edu/doctoral_dissertations/2199 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
  
 














Presented to the Faculty of the Graduate School of the 
 
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY 
 
In Partial Fulfillment of the Requirements for the Degree 
 
 










































Steven Austin Hilgedick 







Planning drilling operations is key to the development of oil and natural gas 
fields. As part of well design, wellbore stability and pore pressure analysis are main 
factors in determining the safe operating window for selecting mud density. The 
motivation for this research was to conduct wellbore stability based on exploration wells 
as basis for planning new offshore field developments with deviated and horizontal wells. 
A second objective was to investigate the use of a probabilistic approach to wellbore 
stability, and compare it to the conventional deterministic methods, in order to evaluate 
the value of including a probabilistic approach to wellbore stability analysis.  
The field to be developed is located in the Southern North Sea, and includes a 
reservoir consisting of conglomerate and sandstone. Data from multiple exploration and 
appraisal wells were analyzed to create the geomechanical model used as the basis for 
developing safe mudweight window for the deviated and horizontal injection and 
production wells in the field. 
The wellbore failure analysis shows the necessity of triaxial testing, mini-frac 
tests, and other advanced data collection techniques to improve the geomechanical model 
when studying new lithologies, not included in existing rock strength correlations. A 
probabilistic approach to wellbore stability analysis was implemented using Monte-Carlo 
analysis. It was determined that this approach o wellbore stability resulted in an 
unrealistically high  minimum mudweight for an acceptable risk level. Based on the level 
of uncertainty of the input parameters, with current geomechanical modeling techniques, 
the probabilistic approach to wellbore stability analysis was determined to be ineffective 
as a tool for planning new field developments As such, it is concluded that the best 
method for conducting wellbore stability analysis is deterministically, based on the best 
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During drilling operations, drilling fluid, known as drilling mud, is circulated 
down the drillstring and back up the annulus, as shown in Figure 1.1. This fluid serves 
several functions including carrying rock cuttings to the surface, cooling and lubricating 
the bit and drillstring, and preventing formation fluids from entering the wellbore. The 
fluid pressure, exerted on the inside of the borehole wall, also maintains the mechanical 
stability of the wellbore (Bourgoyne et al., 1986). The amount of fluid pressure inside the 






Figure 1.1. A well section showing the operational mudweight window and a diagram of 













For drilling each well section (between casing points), a mudweight must be 
selected within an operational window known as the mudweight window. In many 
instances, the lower bound of the mudweight window is defined by the minimum 
mudweight required to provide adequate fluid pressure inside the borehole in order to 
counteract the compressive forces such that shear failure does not occur in the wellbore 
wall. This shear failure is known as breakouts. Figure 1.1 shows an example of the 
equivalent static mudweight (shown in specific gravity (sg)) required to avoid breakouts 
(indicated as BO in Figure 1.1).  The fluid pressure (provided by the drilling mud) must 
also exceed the fluid pressure inside pore spaces in permeable formations in order to 
prevent formation fluids from entering the wellbore. Also shown in Figure 1.1 is the 
equivalent static mudweight required to overcome pore pressure in the formations (Pp in 
Figure 1.1). Of the pore pressure and breakout estimations, the larger required mudweight 
represents the lower bound of the mudweight window. The upper bound of the 
operational mudweight window is represented by the maximum mudweight allowable to 
avoid exceeding the tensile strength of the formation which in turn may cause the rock to 
fracture. For the well section shown in Figure 1.1, a mudweight is shown which 
simultaneously avoids formation fluids entering the wellbore, breakouts, and wellbore 
fractures (Frac in Figure 1.1). Also indicated is the development of breakouts in the lower 
part of the well section (which would occur if the mudweight is lowered), along with 
fractures just below the previous casing section (which would occur if the mudweight is 
increased). Wellbore casing points are often selected based on the intervals for which a 
single mudweight does not cause wellbore fractures or breakouts. 
In developed fields, allowable mudweights for new drilling operations are 
typically estimated based on results from previously drilled wells. However, for new field 
developments, an estimate of the allowable mudweight is not available since there is no 
drilling history available. As a result, wellbore stability analysis is required in order to 
predict the mudweight window for new wells. Wellbore stability analysis has been 
previously presented in many publications (Aadnoy and Chenevert, 1987; Anderson et 
al., 1973; Bradley, 1979; Cheatham Jr., 1984; Eaton, 1969; Matthews, 1967; Wilson and 
Willis, 1986). These methods for predicting wellbore stability require a geomechanical 




developed which represents the area in which the wells will be drilled. This model must 
include rock strength and deformation properties for all formations, which governs the 
behavior of the rock when subjected to stress and strain, as well as the state of stresses 
within the formations, known as the in-situ stresses. Once such a model has been 
developed, the in-situ stresses must be transformed in order to estimate the state of 
stresses in the formation around the planned well paths (Bradley, 1979). Based on these 
stresses, failure criteria can be applied in order to estimate the minimum and maximum 
mudweights at which breakouts and fractures will occur. 
While standard methods for geomechanical modeling (for wellbore stability) are 
already used for standard field developments, these methods do not address what should 
be included in both data acquisition and geomechanical model development when 
modeling uncommon rock types and complex geological settings. For example, rock 
strength and deformation properties, an important aspect of a geomechanical model, must 
be estimated through well log based correlations. Many correlations have been developed 
for common rock types (i.e. sandstone and shale) (Chang et al., 2006). However, for rock 
types which are uncommon in petroleum developments, the required rock strength and 
deformation property correlations have not been developed.  
One inherent issue with conducting wellbore stability analysis lies in the degree of 
uncertainty of the rock strength and deformation properties and in-situ stresses. While 
measurement and analytical techniques have been developed for determination of these 
inputs, their actual values cannot be solved for precisely (Morita, 1995). Furthermore, the 
extrapolation of these measurements from a single depth to estimate parameters along an 
entire wellbore, passing through multiple lithologies, adds uncertainty. With the addition 
of unconventional rock types and complex geological settings, further uncertainty could 
be added to the geomechanical model and wellbore stability analysis. 
A probabilistic analysis technique, known as quantitative risk assessment (QRA), 
(widely used in construction industries) has also been applied to casing design and well 
planning (Adams et al., 1993; Nilsen et al., 2001; Payne and Swanson, 1990). Further, an 
initial investigation into the uncertainty of the input parameters required for wellbore 
stability analysis was completed by Morita (1995). He introduced the concept of 




parameter on wellbore stability. However, he did not present any method by which to 
determine the level of uncertainty of the individual inputs. 
Later, McLellan and Hawkes (1998) applied probabilistic analysis to model 
uncertainty in geomechanical processes. They proposed the use of probability distribution 
functions (PDFs) as a representation of the input parameters to geomechanical analysis. 
Analysis on wellbore collapse and sand production predictions was completed through 
the use of Monte-Carlo analysis. 
Monte-Carlo analysis is designed for application in complex systems with many 
degrees of freedom where the results are dependent on coupled inputs which cannot be 
accurately solved for deterministically. Monte-Carlo analysis has been increasingly used 
in the area of forecasting drilling cost analysis for Authorization For Expenditures for 
planning drilling (Mostafavi et al., 2011). While McLellan and Hawkes (1998) 
introduced the use of Monte-Carlo simulation to modeling of wellbore stability analysis, 
no practical bounds were placed on the domain of each input parameter. Furthermore, the 
method by which any of the PDFs were determined was not included. 
Ottesen et al., (1999) presented the use of QRA to determine wellbore stability. In 
this case, QRA was applied to estimate breakouts using a 3D linear elastic model. This 
was done by defining limit state functions for an acceptable amount of breakout to avoid 
stuck pipe and transport efficiency problems in deviated wellbores. They developed 
response surfaces for critical mudweights for each input parameter. This method 
however, does not address nor specify the level of uncertainty of the input parameters for 
this analysis. 
Liang (2002) applied QRA to pore pressure and fracture pressure gradient and 
presented the formulation of estimation of uncertainties. It was assumed that each input 
parameter was normally distributed without providing comprehensive investigation into 
the validity of these assumptions. 
Moos et al., (2003) further developed the work done by Ottesen et al. (1999) by 
applying Monte-Carlo analysis to wellbore stability analysis. Despite this inclusion, the 
proper methodology for the determination of the PDFs for each input parameter, as well 
as the methodology for the application of the Monte-Carlo analysis, has not been 




change in each input parameter individually on deterministic wellbore stability 
calculations, but only for a vertical wellbore and a horizontal wellbore along an 
undefined azimuth. 
Drilling deviated wells in complex geological setting may increase the need for 
accurate wellbore stability analysis. Special considerations beyond standard wellbore 
stability analysis for  new fields in unconventional rock types and complex geological 
settings has not previously been determined with respect to the development of 
geomechanical modeling and wellbore stability analysis.  
 
1.1. RESEARCH OBJECTIVES 
Complex geological structures require special consideration when choosing 
drilling mud weight. The characteristics and considerations for unconventional 
conglomerate reservoirs have not been previously investigated. In addition, the use of 
probabilistic analysis is not a standard method for estimating wellbore stability. The main 
objectives of this research are to investigate wellbore stability of unconventional 
geological settings by demonstrating the application of a deterministic approach to 
wellbore stability, determine the value of advanced data collection techniques as applied 
to geomechanical modeling, and investigate a probabilistic approach to wellbore stability 
analysis for the development planning of petroleum fields with deviated and horizontal 
wells. In order to achieve these objectives, the following questions will be addressed: 
 
• How can deterministic wellbore stability analysis aid in planning of new field 
developments in complex geological settings? 
• What advanced data collection techniques are required when modeling complex 
geological settings? 
• How can the range of all wellbore stability analysis inputs be determined? 
• How does the accuracy of each input parameter affect the outcome of wellbore 
stability analysis? 
• Can a probabilistic approach improve wellbore stability analysis of new field 





In the North Sea, several challenging new field developments exist with both 
complex structures and varying depositional environments. Establishing a detailed 
geomechanical model of the reservoir and the formation above will be helpful for casing 
point selection, mud weight selection, identification of potential weak formations and 
unstable well path trajectories, sand production prediction, as well as improve bit design. 
The main goal of the field study is to incorporate geomechanical data into a fully 
developed (generalized) geomechanical model as well as to assess the deterministic and 
probabilistic methodologies by using test data/samples from a North Sea field 
development. This model can then be used as a basis for optimizing placement, 
extensions and directions of wells, as well as aid in the decision-making process when 





2. MODELING AND WELLBORE STABILITY TECHNIQUES 
 
This section presents the theoretical foundation and measurement/analytical 
techniques used to establish rock strength and deformation properties as well as in-situ 
stresses included in the geomechanical used to estimate wellbore stability. This 
methodology applies failure analysis based on the geomechanical model to determine 
when wellbore failure will occur as a result of compressive or tensile stresses around the 
wellbore. 
 
2.1. ROCK STRENGTH AND DEFORMATION PROPERITIES 
Rock strength and deformation properties can be determined through mechanical 
tests which yield static material properties or through non-destructive tests (well logs) 
which yield dynamic material properties (Fjaer, 1999). Static strength and deformation 
properties are considered to be the most representative of actual material behavior. 
Unfortunately, collection of this data is costly in time and money as these methods 
require core samples from the formation for testing and only represent the material 
properties at that specific location. Conversely, dynamic strength and deformation 
properties can be calculated from well logs and provide a complete view of material 
characteristics along the entire wellbore (Fjaer, 1999; King, 1969; Kowalski, 1975; 
Onyia, 1988). Commonly, there is a discrepancy between static and dynamic values 
resulting from the difference in strain amplitude, stress history, or the existence of pore 
fluids or microcracks within the rock (Fjaer, 1999; King, 1969; Walsh, 1965).  To avoid 
these issues, static material properties along the entire wellbore can be determined based 
on regional correlations between static and dynamic deformation properties developed 
from mechanical testing. 
2.1.1. Laboratory Measurements. Static rock strength and deformation  
properties are determined through rock mechanical tests performed on core samples. 
Drained triaxial compression tests are typically completed on cylindrical rock cores, with 
a diameter of 1.5 inches, where the cores are confined to a predetermined isotropic stress 
level to simulate downhole conditions and reduce sample disturbance (Jaeger et al., 




increased slowly at a constant rate until the core sample yields under compression. 
During each test, vertical load, confining stress and pore pressure are measured. Linear 
variable differential transformers (LVDT’s) (mounted to the sample) are used to measure 
deformation in the axial and radial directions throughout the test. The experimental set-up 
is described in Berre et al., (1995). To establish failure criteria, multiple triaxial tests are 
run at varying levels of confining stress. The peak axial stress at brittle failure is plotted 
against the confining stress, based on simulated depth, for all tests in a test series 
conducted on cores taken from a single depth (Figure 2.1). A trend line representing the 
Mohr-Coulomb failure criterion (Equation (1), below) is established, based on the least 
square-fit regression method. From this trend line, the unconfined compressive strength 





Figure 2.1. Plot of peak axial stress at failure vs. confining stress. 
 
 
The tangent of the slope (shown as ‘m’ in Figure 2.1, above) of this line is 
referred to as γ and can be related to the failure angle (β), for Mohr-Coulomb failure 









σ	 − tan γ σ	 >  (1)  
sin φ = tan γ − 1tan γ + 1 (2)  
β = π4 +
φ
2  (3)  
 
Based on the radial and axial strain measured during the shear phase of the triaxial 
test, the linear static Poisson’s ratio can be determined. By assuming the rock is isotropic 
and has a linear stress versus strain relationship, the deformation moduli matrix becomes 
a scalar quantity. The static Poisson’s ratio (ν) is calculated from the tangential line at 
50% peak stress, axial and radial strain (ε) using Equation (4). 
 
ν = εε! (4)  
 
 
2.1.2. Log Based Strength and Deformation Properties.  Dynamic deformation  
properties (i.e. deformation properties at small strains and high strain rates) can be further 
estimated from wire line log readings of acoustic velocity and bulk density, and inferred 
lithology. Several methods exist for establishing lithology from well logs. For areas with 
common lithology types (i.e. sandstone, shale), it is possible to derive the lithology with 
depth from gamma ray logs (Hassan et al., 1976; Serra et al., 1980). More specifically, 
gamma ray logs can be used when the area is dominated by shales where potassium is the 
primarysource of radioactivity and where other formation lithology is well known. 
Equation (5) can be used to find the shale index (I #) in silisticlastic sequences.  
 
I # = $γ%&' − γ()*+,γ # − γ()*-  (5)  
 
 γ%&' is the measured log value for each depth, γ # is the maximum log measurement for 




log measurement for the entire logged interval (Hassan et al., 1976; Serra et al., 1980). 
Typically, the actual shale content is considered equal to the shale index given by 
Equation (5) but mud properties and other local variables affect the gamma ray readings. 
Therefore, empirical correlations have been developed to determine the shale content 
more accurately. (Clavier et al., 1971; Larionov, 1969; Stieber, 1970).   
No direct measurement technique is available to obtain the rock mechanical 
properties along the entire wellbore. Therefore, rock strength must be empirically 
correlated with different well logs and/or combinations of well logs. Correlations have 
been developed for rock strength based on sonic wave velocity, density logs, rate of 
penetration (ROP) while drilling, induction logs, porosity logs and inference from rock 
cuttings gathered at the surface (Kazi et al., 1983; Nygaard and Hareland, 2007; Onyia, 
1988). Many of the correlations used in today’s industry are regionally specific as they 
are developed based on rock tests and drilling data for the individual area of interest. 
These methods are proprietary and are only applicable for wells within the region of 
consideration.  
Equation (6) shows a correlation developed from shale and sandstone mechanical 
testing (Nygaard and Hareland, 2007). Unconfined compressive strength is in MPa. k, 
k/, k are constants (see section 3.3.1) based on lithology, and ∆t1 is compressive travel 
time in µsec/ft. For zones which are not an end member lithology, such as a sandstone or 
shale zone, UCS can be calculated based on a mixed lithology (based on adding the 
weighted percentage for each lithology).  
 
UCS = 2 1.00k,∆t1 − k/5 + k (6)  
 
Dynamic Poisson’s can be calculated from P- (compressional) and S- (shear) 
wave velocity logs (acoustic) and density logs based on theory by Pickett (Pickett, 1945). 
Equation (7) calculates the dynamic Poisson’s ratio (ν) from the relationship between 







2,V7/ − V8/- 
(7)  
 
2.2. IN-SITU STRESSES 
Any stress field can be defined with three orthogonal principal stresses where no 
shear stresses will occur (Jaeger et al., 2007). Assuming that the ground, or sea floor, is a 
flat surface which cannot transfer shear stresses, in-situ stresses in the subsurface can be 
represented by overburden stress in the vertical direction (σ9) and maximum and 
minimum horizontal stresses (σ: and σ# respectively) orthogonal to the overburden (Fjaer 
et al., 2008). For a submerged porous rock, there exists fluid within the pore spaces of the 
rock. This fluid creates pore pressure which carries some of the overburden weight, and 
counteracts the compressive in-situ stresses. By assuming that the compressibility of the 
fluid is negligible compared to the compressibility of the rock, the concept of effective 
stresses can be represented by Equation (8). 
 
σ	 = σ − P< (8)  
  
Effective stress (σ′) is related to compressional in-situ stresses (σ) and pore 
pressure (P<).  One important implication of Equation (8) is that failure in the rock is only 
dependant on the effective stress (Terzaghi, 1923). 
 
2.2.1. In-Situ Principal Stress Orientation.  The assumption that there exists a 
stress state in which one of the principal stress orientations is vertical, and results from 
the weight of overlying formations, as set for by Anderson et al., (1973), is known as an 
Andersonian stress state, and valid in most areas of petroleum production.  It is important 
to note that in areas with strong tectonic forces, or near complex geological structures, 
(e.g., salt domes, etc) the stress field can be drastically different (Aadnoy and Belayneh, 
2009). 
For areas where the vertical stress is one of the principal stresses, the other two 




stress orientations requires the analysis of failure around the wellbore (Fjaer et al., 2008). 
When the drilling mud is not sufficiently dense to apply high enough pressure to 
counteract the in-situ compressive forces, according to the Mohr Coloumb failure criteria 
given in Equation (1), shear failure will occur in the wellbore wall. While high levels of 
shear failure around the wellbore can result in wellbore collapse, low levels of shear 
failure only cause the breakout of small sections of rock forming the wellbore wall. These 
breakouts will occur along the orientation of the minimum horizontal stress when 
anisotropy exists between the two principal horizontal stresses (Bell and Gough, 1979). 
Tensile failure occurs when the mudweight is increased to the point where the pressure 
on the wellbore wall overcomes the tensile strength of the formation and fractures 
develop.  These fractures will form along the orientation of the maximum horizontal 
stress (Hubbert and Willis, 1957). Figure 2.2 shows a vertical wellbore with minimum 





Figure 2.2. Breakout and fracture orientation with respect to in-situ principal stresses. 
 
 
Analysis of these failures requires either caliper logs or image logs based on 








orientations. As the caliper log passes through a circular wellbore, it rotates slowly. In a 
non-circular wellbore such as one with breakouts or key seating (i.e. pipe erosion of the 
wellbore), the individual caliper arms will seat themselves in line with the breakouts and 
show larger diameter measurements from those arms (Plumb and Hickman, 1985). 4-arm 
caliper logging tools show some difficulty in consistently differentiating between 
breakouts and keyseating. 
The use of borehole imaging logs alleviates some of the uncertainty with regards 
to keyseating vs. failure-induced wellbore elongation (Zoback et al., 1985).  Image logs 
are capable of determining wellbore fracture orientation as well as breakout orientation 
(Brudy, 1998). Acoustic imaging logs measure acoustic wave travel time of waves 
reflecting off of the borehole wall.  This makes them ideal for measuring breakout 
orientation from wellbore elongation. However, despite recent improvements in 
resolution (Davatzes and Hickman, 2005), fracture orientation cannot be consistently 
determined as fractures do not create large changes in borehole radius or reflectivity. 
Borehole image logging tools based on resistivity are made up of many electrodes 
attached to 4-6 arms that press against the formation. These logs provide resistivity for a 
very shallow depth of penetration from the borehole wall into the formation, making it 
possible to identify bedding planes, natural fractures, and drilling induced fractures 
(Aadnoy and Bell, 1998).   
 
2.2.2. In-Situ Principal Stress Magnitude.  Several different methods can be  
combined in order to estimate the magnitude of the principal stresses within a formation. 
For an area exhibiting an Andersonian stress state, the vertical stress or overburden may 
be calculated from well log analysis. In this case, the vertical stress can be calculated by 
integrating the density log over the vertical depth using Equation (9) onshore or Equation 
(10) for offshore wells (McGarr and Gay, 1978). Here density (ρ) from the logs is used to 






σ9 = @ ρ,z-g dz
C
D
 (9)  
σ9 = ρ?gz? + @ ρ,z-g dz
C
D
 (10)  
 
For shallow zones where density logs are not available, a density range of 1.8-
2.0g/cc can be assumed (related to a porosity of 38-50% and a mineral density of 
2.6g/cc). Geological history must also be taken into account in areas such as off-shore 
Norway where shallow bulk densities above 2.0 g/cc have been recorded as a result of ice 
loading (Fjaer et al., 2008). 
Horizontal stress magnitudes can be determined from the interpretation of 
extended leak off (XLOT) and mini-frac tests (Kunze and Steiger, 1992; Tan et al., 
1990).  A standard leak off test is conducted by closing the annulus of the wellbore and 
pumping drilling fluid at a constant rate and recording the pressure increase. Figure 2.3 
shows an example of XLOT pressure as a function of time. The dashed line indicated the 
pump rate, and makes it possible to differentiate between the pumping and the shut-in 
portions of the test. The leak off pressure (LOP) shows the point in which fractures are 
initiated around the wellbore. This is followed by the fracture breakdown pressure (FBP) 
where the fractures begin to extend beyond the near wellbore. The fracture propagation 
pressure (FPP) is the pressure for which stable fracture growth occurs (Kunze and 
Steiger, 1992). These fractures extended beyond the near wellbore and are developed in 
the virgin stress are (in-situ stresses not affected by the wellbore). Once this has occurred, 
pumping is stopped temporal decline of shut-in pressure is measured. The initial pressure 
when pumping is stopped is the instantaneous shut-in pressure (ISIP) and the break in the 
pressure decline curve shows the fracture closure pressure. For best results, the pumping 
ans shut-in phases are performed multiple times in order to remove the effects of tensile 
strength (Kunze and Steiger, 1992). Standard leak off tests are completed in a similar 
manner, however, pumping is stopped once the LOP has been reached, and only ISIP can 







Figure 2.3. Example of XLOT results (Zoback, M.D. et al., 2003). 
 
 
Shut-in pressure decline analysis from these tests can be used to determine the 
minimum horizontal stress magnitude.  Several methods exist for determining fracture 
closure pressure from the measured shut-in pressure decline (Lee and Haimson, 1989; 
Turnbridge, 1989). In these tests, the initial shut-in pressure is the absolute maximum 
value of the minimum horizontal stress.  However, the fracture closure pressure is 
considered to be the best estimate of minimum horizontal stress magnitude (Gjonnes et 
al., 1998; Haimson and Fairhurst, 1967). Standard leak off tests can only show a fracture 
initiation point and therefore cannot be used to calculate a true minimum horizontal stress 
magnitude (Raaen, 2006; Raaen and Brudy, 2001). If XLOT data is not available, LOT 
data can be used to estimate the minimum horizontal stress magnitude. The lower bound 
of the instantaneous shut-in pressure represents the upper bound of the minimum 
horizontal stress magnitude; however, this method can overestimate the minimum 
horizontal stress magnitude (Fjaer et al., 2008). 
Mini-frac tests include the same pumping and shut-in cycles as an XLOT. 
However, these tests are typically run during production operations just before hydraulic 




drilling and new field developments, is that by casing the final well section, the test can 
be performed on any formation by perforating the zone of interest instead of running an 
XLOT at the last casing shoe. This also allows for the choice of fracturing fluid for the 
test and the use of downhole pressure gauges. By using seawater, for example, instead of 
drilling mud (as in an XLOT), the effects of dynamic fluid pressure losses can be 
minimized. Downhole pressure gauges also minimize the uncertainty of recorded 
pressures compared to recording surface pressure 
The maximum horizontal stress magnitude can be calculated based on modeling 
of the fracture pressure. This analysis is applicable for XLOT data from vertical reference 
wells only. Hubbert and Willis (Hubbert and Willis, 1957) defined fracture pressure in 
Equation (11) which shows the fracture pressure (PEFG1) for an impermeable formation 
with σ# as the minimum principal stress and σ: as the intermediate principal stress and TD 
representing the formation’s tensile strength in a vertical well. This can be used in data 
analysis of XLOTs or mini-frac tests performed in shale formations using fracture 
breakdown pressure as PEFG1. 
 
PEFG1 = 3σ# − σ: − P< + TD (11)  
 
For permeable formations, the pore pressure is increased around the wellbore due 
to fluid flow of the drilling mud into the formation. Fracture pressure for a permeable 
formation was proposed by Detounray and Carbonell (1997) and was presented in the 
form of Equation (12) below by Haimson and Fairhurst (1967), where J is the Poisson’s 
ratio and K is Biot’s coefficient. This equation can be used for data analysis of XLOTs or 
mini-frac tests performed in sandstone and other porous formations. 
 
PEFG1 =
3σ# − σ: + TD − 2α 1 − 2ν1 − ν P<
2 − α 1 − 2ν1 − ν
 (12)  
 
Some field developments must be completed in areas where XLOT and mini-frac 




horizontal stress magnitudes. In this case, LOT data can be used to determine the range of 
possible values. When only LOT data is available, (11) or Equation (12) can be applied, 
with the leak off pressure (LOP) as PEFG1 and ISIP as σ#, to establish a rough estimate 
of σ:. This method, however, typically overestimates σ#. 
While XLOT and mini-frac test data makes it possible to estimate horizontal 
principal stress values these tests only show measured values for the specific depth in 
which they are completed. In order to determine principal stresses throughout the model, 
the horizontal principal stresses must be related to the vertical stress. These relationships 
can then be extrapolated along the entire model based on the estimated vertical stress 
with respect to depth.  
Several well testing methods exist for determining the pore pressure within a 
formation (Jincai, 2011). The investigation of these techniques is beyond the scope of this 
research.  Therefore pore pressure gradients for this study were taken from operator’s 
pore pressure profiles for each field. It is important to note that the pore pressure gradient 
is an input in the well bore stability calculations, and if the pore pressure prognosis is 
changed, the stability estimates will be affected. 
  
2.3. ROCK FAILURE CRITERIA 
Once a complete geomechanical model that includes rock strength and 
deformation properties has been developed, a failure criterion can be applied to determine 
when failure will occur around the wellbore. The most common failure criteria used is 
Mohr-Coulomb (see Equation (1)). The Mohr-Coulomb criterion is commonly used in 
geomechanics for determining when shear failure will occur. In order to determine the 
principal stresses in which shear failure will occur, the pressure inside the wellbore must 
be varied to determine the highest allowable mudweight to counteract the in-situ stresses 
thus satisfying Equation (1).   
Mohr-Coulomb failure criterion, however, does not consider effects of the 
intermediate principal stress on rock failure. Despite its common use, it is widely 
accepted that using Mohr-Coulomb failure criterion will underestimate wellbore stability, 
leading to a higher minimum mudweight estimate than is actually required. While several 




parameters in order to determine failure. Kiyoo Mogi proved the dependence of rock 
failure on the intermediate principal stress through the use of polyaxial testing (Mogi, 
1971). He developed the concept of rock failure as a function of octahedral shear stress 
(τ&1N) and mean normal stress (σ,(,/-), both represented as monotonic increasing 
functions. Later this method was changed to a linear form and proclaimed the Mogi-
Coulomb failure criterion (Equation (13)), based on the fact that this linear form reduces 
to linear Coulomb failure when σ/ = σ (Al-Ajmi and Zimmerman, 2005). Equation (14) 
and Equation (15) below can be used to calculate τ&1N and σ,(,/- with m representing the 
slope and k representing the intercept of the failure line with the vertical axis. 
 
τ&1N = k + mσ,(,/- (13)  
τ&1N = 13 Q,σ − σ/-/ + ,σ/ − σ-/ + ,σ − σ-/ (14)  
σ,(,/- = ,σ + σ-/2 (15)  
 
In addition to the two shear failure criteria described above, numerous other 
individual failure criteria exist, each with their own assumptions and simplifications (Yu, 
2002). Commonly used criteria include Mohr-Coulomb, Lade, Modified Lade, Hoek and 
Brown and Mogi-Coulomb (Goodman, 1989). The criteria vary in their complexity and 
applicability. Each failure model is limited since each makes different assumptions such 
as perfect plasticity or not accounting for changes in yield criteria based on plastic strain 
(Fjaer et al., 2008). Other methods that include plastic strain effects are normally based 
on finite element analysis and can more precisely model borehole failure (Zervos et al., 
1998). In this study, the Mohr-Coulomb and Mogi Coulomb criteria were used since the 
methods to obtain the required strength parameters are well established. 
Tensile failure calculations are based on Equation (16). This criterion states that 
rocks will fail in tension when the minimum principal stress is less than the tensile 
strength (TD) which is negative. It is important to note that sedimentary rocks have very 
little strength in tension and many rocks have pre-existing fractures which can reduce 





σ	 < TD (16)  
 
2.4. GEOMECHANICAL-BASED WELLBORE STABILITY ANALYSIS 
Once the geomechanical model from the vertical reference well data is completed, 
mechanical failure criteria can be applied to predict wellbore stability.  For failure 
criterion to be applied, the state of stress around the wellbore must be determined.  For 
deviated wells, the principal in-situ stresses usually do not align with the wellbore 
orientation.  For this case, the Cartesian in-situ stress orientations need to be transformed 
into Cartesian wellbore coordinates before transforming the stresses into cylindrical polar 
coordinates around the wellbore wall. 
Equations for stresses around an arbitrarily-oriented wellbore were first 
determined by Bradley (1979). To transform in-situ stresses to principal stresses around 
an inclined wellbore, the right-handed coordinate system (x	, y	, z	) must first be defined 
where x	 is parallel to σ:, y	 is parallel to σ#, and z	 is parallel to σ9 with an upward 
orientation. Second, the right-handed borehole coordinate system, (x, y, z), must be 
defined where the x-axis passes through the center of the borehole and through the 
wellbore wall at the lowest point normal to the wellbore wall. The y-axis passes through 
the center of the borehole at the same location and runs horizontal through the borehole 
wall. The z-axis runs upward through the center axis of the borehole and i denotes the 
angle between the z	-axis and the z-axis. The angle between the x	-axis and the projection 
of the x-axis on the (x’, y’) plane is α. The transformation between these coordinate 
systems can be described by directional cosines, where l)XY is the cosine of the angle 
between the i-axis and the j-axis. Using these coordinate system definitions, Equation 





l!!Y = cos α cos i (17)  
l!Y = sin α cos i (18)  
l!CY = − sin i (19)  
l!Y = − sin α (20)  
lY = cos α (21)  
lY = 0 (22)  
lC!Y = cos α sin i (23)  
lCY = sin α sin i (24)  
lCCY = cos i (25)  
 
From these equations, the in-situ stresses σ], σ:, and σ#can be expressed in the (x, 
y, z) coordinate system using Equation (26) through Equation (31), where σ)D is the far 
field stress in the i orientation. 
 
σ!D = l!!Y/ σ: + l!Y/ σ# + l!CY/ σ] (26)  
σD = l!Y/ σ: + lY/ σ# + lCY/ σ] (27)  
σCD = lC!Y/ σ: + lCY/ σ# + lCCY/ σ] (28)  
τ!D = l!!Yl!Yσ: + l!YlYσ# + l!CYlCYσ] (29)  
τCD = l!YlC!Yσ: + lYlCYσ# + lCYlCCYσ] (30)  
τC!D = lC!Yl!!Yσ: + lCYl!Yσ# + lCCYl!CYσ] (31)  
 
Transferring far field stresses to stresses at the wellbore wall in cylindrical 
coordinates r, θ, and z, where r is the radial distance from the borehole axis, θ is the angle 
of rotation around the wellbore from the x-axis (in the x-y plane), and z is the position 
along the borehole axis. Based on linear elasticity and isotropic rock properties, Equation 
(32) to Equation (37) can be derived from stresses outside a circular hole, which was first 
solved by Kirsch (Kirsch, 1898) and has been modified by others to this form (Aadnoy 





σF = P? (32)  
σ` = σ!D + σD − 2$σ!D − σD+ cos 2θ + 4τ!D sin 2θ − P? (33)  
σC = σ!D − υb2$σ!D − σD+ cos 2θ + 4τ!D sin 2θc (34)  
τF` = 0 (35)  
τ`C = 2$−τ!CD sin θ + τCD cos θ+ (36)  
τFC = 0 (37)  
 
Fundamentally, it is known that one of the principal stresses in the wellbore wall 
is equal to the effective radial stress (σFF) shown in Equation (38), based on pore pressure 
(P7) and the fluid pressure inside the wellbore (P?). The other principal stresses exist in a 
plane tangential to the wellbore wall, orthogonal to each other at any orientation around 
the wellbore wall. The tangential stresses (σN(G! and σN()*) can be calculated using the 
Kirsh equation applied to an arbitrary wellbore orientation in Equation (39) and Equation 
(40) where σCC, σ``, and τ`C are the transformed from in-situ stresses calculated using 
Equation (17) through Equation (37). 
 
σFF = P? − P7 (38)  
σN(G! = 12 ,σC + σ` + d,σC − σ`-/ + 4τ`C/ - − P7 (39)  
σN()* = 12 ,σC + σ` − d,σC − σ`-/ + 4τ`C/ - − P7 (40)  
 
Once these stresses have been determined, they are arranged based on magnitude 
and set to equal the principal stresses σ, σ/, and σ so that failure criteria can be applied. 
When solving for the minimum or maximum fluid pressure gradient inside the wellbore 
to avoid shear and tensile failure, the stresses around the wellbore are dependent on P?. 
In order to solve for the minimum fluid pressure gradient inside the wellbore to avoid 
shear failure, multiple iterations must be completed. For this analysis, a value for 
mudweight is selected and near wellbore stresses are calculated. Subsequently, failure 
criterion is applied to check for shear failure per the chosen mudweight.  Per the results, 




This must be repeated until the minimum mudweight to avoid breakouts is determined.  
The same methodology is also completed for tensile failure analysis.  
Due to the forces around the wellbore while drilling, the safest wellbore azimuth 
is always parallel to the minimum horizontal stress orientation.  Likewise, the least stable 
wellbore azimuth falls in the orientation of the maximum horizontal stress orientation.  
For the fields in this study, failure analysis is completed for each individual formation 
which forecasts the mudweight window at any inclination for both extremes along the 
minimum and maximum horizontal stress orientations.  Section 3 shows the preliminary 
results for the weaker formations which govern the mudweight selection for the fields of 
study.  Any wellbore orientation between the minimum and maximum horizontal stress 
orientations will result in an acceptable mudweight between forecast values in those 
orientations. 
All failure calculations in this study are presented in the equivalent fluid density 
which would apply the calculated P? values at each depth, in static conditions. The 
equivalent circulating density must be maintained within the estimated equivalent static 
fluid density at all times. Furthermore, the calculated mudweights do not take into 
consideration the required riser margin and/or surge and swab estimates (Bourgoyne et 
al., 1986). 
For wellbore stability analysis along the entire wellbore, the well path must be 
discretized into intervals. For each calculation point, all inputs must be determined before 
the iterations can be completed for breakout and fracture mudweights for that point along 
the wellbore. It is important to note that the results presented indicate the pressure 
gradient below which where break-out will initiate. The curve does not indicate at what 
pressure the break-out will become so severe that it prohibits any further drilling. The 
analysis also assumes that the drilling fluid does not chemically react with the formation 
(the drilling fluid is inhibitive). Often the concept of acceptable break-out is used for 






3. STABILITY INVESTIGATION 
 
3.1. FIELD OVERVIEW 
The wellbore stability study presented here was completed on a field with an 
unconventional reservoir in a complex geological setting. This field is located in the 
Greater Luno Area (a basin located on the Utsira High) in the Southern North Sea (Figure 
3.1). Well log analysis from previous exploration drilling in the area showed no clear 
indications of the presence of hydrocarbons. The reservoir section of the discovery well 
was cored and revealed the presence of hydrocarbons.  Currently, the field is estimated to 





Figure 3.1. Map view of the Southern North Sea indicating the studied field in the 





This field is Triassic to Cretaceous in age.  The reservoir section is comprised of 
alluvial conglomerates and aeolian sandstone unconformably overlain by sandstone of 
shallow marine origin (Hilgedick et al., 2012). The sandstones are poorly sorted,  
comprised of very fine to very coarse grains of quartz, and is locally calcite cemented. 
The conglomerates are very hard to hard, and consist mainly of granitic clasts with 
varying size and angularity. The cross cut cores shown in Figure 3.2 were taken from the 
reservoir section of one of the exploration wells. Also visible in Figure 3.2 is the size and 
shape variation of the granite clasts. The granite clasts vary in size from very fine grains 
to boulders. The largest size that was encountered during exploration drilling operations 
was estimated to be roughly a half meter in diameter. The clasts themselves are feldspar-
rich granite which eroded from the igneous basement highs surrounding the field. The 
overburden consists of Cretaceous shale and chalk and Tertiary sandstone and shales 
(Hellvik et al., 2012). 
The production plan for this field includes both deviated and horizontal 
production and injection wells. The deviation of these wells within the reservoir ranges 
from 60o to horizontal with well azimuths in all orientations between the minimum and 
maximum horizontal stress directions. 
The reservoir composition raises serious concerns with wellbore stability due to 
the existence of granite clasts in the wellbore wall. If these clasts become dislodged, 
during drilling operations in highly deviated wellbores, many problems may arise such as 
stuck pipe, possibly resulting in the loss of the wellbore and increased development costs 







Figure 3.2. Conglomerate cores samples from 1939-1944 mTVD (RKB). 
 
 
The geomechanical model developed for this investigation includes data collected 
from five reference wells located in this field. Table 3.1 shows an overview of the data 
from these wells. Well A is the discovery well for this field. Well E includes a vertical 







Table 3.1. Overview of data collected from exploratory wells in the study field. 









BD, GR, DTCP, DTSP,  Mini-Frac 1869 1.81 
Yes 
TNPL, Res (S, M, D)       
Well B 
BD, GR, DTCP, DTSP,  LOT 379 1.58   
TNPL, Res (S, M, D) LOT 564 2.05   
  Mini-Frac 1872 1.825   
Well C 
BD, GR, DTCP,  Image, LOT 554 1.96   
TNPL, Res (S, M, D) LOT 1800 1.79   
Well D 
BD, GR, DTCP, DTSP, Image, LOT 581 1.68 
Yes 
TNPL, Res (M, D) LOT 1859 1.83 
Well E 
BD, GR, DTCP, DTSP, Image, LOT 564 1.705   
TNPL, Res (M, D) LOT 1255 1.855   
  XLOT 1859 1.93   
  FIT 1882 1.5   
* Initializations of well logs are defined as follows: BD (bulk density log), GR (gamma ray 
log), DTCP (acoustic compressional wave travel time), DTSP (acoustic shear wave travel 
time), Image (resistivity based borehole image log), TNPL (neutron porosity log), Res(S M 
D) (shallow, medium, and deep resistivity logs). 
 
 
3.2. IN-SITU STRESS DETERMINATION 
In-situ stress magnitudes can have a large effect on wellbore stability for all 
wellbore orientations. For this reason, it is important to model the stress conditions over 
the entire length of the well in order to effectively predict when wellbore failure will 
occur. 
 
3.2.1. Data Collection. In order to determine in-situ stresses as accurately as  
possible, data must be carefully collected from the exploration wells in this field of study. 
Section 2.2 covered the use of XLOT and mini-frac test for determination of horizontal 
stress magnitudes. In this field of study, mini-frac test data was used along with LOT data 




In the Well A and Well B, mini-frac tests were run after the wells were cased and 
perforated. Seawater was used as the fracturing fluid in these tests to simulate potential 
hydraulic fracturing during sea water injection. An added benefit of using sea water is a 
reduction in the uncertainty of fracturing pressures by reducing frictional pressure losses 
compared to drilling mud used in XLOT’s. Also, down hole pressure gauges were 
utilized in order to avoid frictional fluid pressure effects on the collected pressure data. 
Five full pressure cycles were completed on Well A and Well D in order to measure the 
consistency of the fracture closure pressure results (Figure 3.3 and Figure 3.4). In both 
wells, the perforated interval was located within the reservoir formations.  
The fracture closure pressure (FCP) results of the mini-frac tests yield very 
consistent results for both Well A (28.44±0.24 MPa) and Well D (29.80±0.20 MPa) (see 
Table 3.2). This average pressure gradient from these tests combined was considered to 




Figure 3.3. Pressure vs. Time plot of results from the mini-frac test in the reservoir 






















FBP = 33.2 MPa
FPP = 29.4 MPa
ISIP = 29.2 MPa


















1 28.7 29.85 
2 28.5 29.6 
3 28.4 29.9 
4 28.4 29.8 
5 28.2 29.85 
 
 
Resistivity based borehole image logs were run in discovery and exploration wells 
drilled in this field in order to determine the orientation of any wellbore breakouts or 
drilling induced fractures. Figure 3.5 through Figure 3.7 show sections of the resistivity 
























FBP = 34.8 MPa
FPP = 31.2 MPa
ISIP = 30.9 MPa





























3.2.2. In-Situ Stress Magnitude. In-situ stress magnitudes are represented in this 
 investigation as an equivalent static fluid density, and stress gradients are represented in 
terms of specific gravity (sg). 
The regional geology for this study area contains normal faults, which are 
believed to be caused by an Andersonian normal faulting stress state. Such a stress state 





stress (σ9) when the faults were active. This regional trend was verified from the lack of 
tectonic activity in the area. In addition, the  ratio of σ:/σ9 was determined to be  less 
than one, based on back-calculation of σ: from break-outs in the Nordland and 
Hordaland groups and the Aasgard formation in reference wells. 
While the use of XLOT or mini-frac tests can yield direct measurement of the 
magnitude of the minimum horizontal stress, the other two principal stresses must be 
determined through analysis. Pore pressure is required in order evaluate effective stress 
conditions. For this geomechanical, a regional pore pressure profile was provided by 
Lundin Norway AS. This profile was then updated to reflect measurements taken during 
discovery and exploration well drilling. 
As was shown in Section 2, the vertical stress can be solved by integrating the 
bulk density logs using Equation (10) for offshore wells. Figure 3.8 shows the density of 
seawater and the log of bulk density from one of the exploratory wells. Here, the depth 
indicated by the dashed lines represents the area between the sea floor and the beginning 
of the bulk density logged interval. 
Section 2 discussed estimation of shallow bulk densities in different areas. It was 
shown (Section 2) that shallow bulk density values in the North Sea can be higher than 
those seen in sedimentary basins around the world, due to ice loading. Bulk density logs 
from the exploratory wells these showed densities above 2.0 g/cc as shallow as 500m. 
Therefore, for this analysis, the average density for shallow zones, where log data was 
not available, was assumed to be the same as the average of the first 100m where results 
from bulk density logs where available. As such, the bulk density was assumed to be 2.08 
g/cc for the zone from the sea floor to the beginning of the logged interval (indicated by 
the red dashed line in Figure 3.8). From this assumption of shallow formation density, the 
overburden/vertical stress gradient was estimated to be 2.01 sg. It is possible that this 
method may overestimate the bulk density, in turn overestimating the overburden stress 
as well. 
Once overburden stress magnitude is determined, the other two principal stresses 
(maximum and minimum horizontal stress) must also be modeled. Section 2 discussed 




The two mini-frac tests run in exploration wells for this field yielded this measurement 
















































The only method by which to determine the maximum horizontal in-situ stress 
magnitude is through fracture modeling. As shown in Section 2 for a vertical wellbore, 
Equation (11) can be used to calculate fracture pressure for a perfectly impermeable 
wellbore wall and Equation (12) can be used to calculate fracture pressure for a 
permeable wellbore wall. For determination of the maximum horizontal stress magnitude 
in the reservoir, fracture pressure was taken from fracture pressure results from the mini-
frac tests in the sandstone reservoir in the exploration wells. The pore pressure, 
overburden stress, and the minimum horizontal stress (mentioned above) were used, for 
the variables in Equation (12), to solve for the maximum horizontal stress magnitude. 
The results for maximum horizontal stress calculated from data from three mini-frac tests 




Table 3.3. Maximum horizontal stress gradient calculated from data from mini-frac tests 




Ratio Sh PP To SH 
(sg)   (sg) (sg) (sg) (sg) 
Well A 1.783 0.27 1.568 1.044 0.067 1.675 
Well B 1.89 0.27 1.729 1.029 0.054 2.008 
Well B 1.806 0.27 1.595 1.033 0.23 1.863 
 
 
Once horizontal principal stress magnitudes were determined for the reservoir 
depth, this data was extrapolated in order to represent the stresses along the entire 
wellbore. Further, it was assumed that the ratio between the stresses is relatively constant 
with changing depth (Terzaghi and Richart, 1952). The mini-frac test data, combined 
with overburden estimation from bulk density logs, resulted in ratio values of 1.12 for 
σ:/σ# and 0.608 for σ#/σ9.  
In order to validate the use of a constant stress ratio with depth, these gradients 
were compared to LOT data from the exploratory wells at formations in the entire 




function of depth. The impermeable and permeable fracture pressure (calculated from 
these stresses), for formations with preexisting fractures (no tensile strength) are also 
included.  These can be compared to the plotted fracture pressure values from LOTs run 





Figure 3.9. LOT data compared to in-situ stress gradients and the subsequent 
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The LOT data from this field match well with the calculated fracture pressures 
shown in Figure 3.9. LOT data which falls above the predicted impermeable fracture 
pressure can be attributed to formations which do not have pre-existing fractures. This 
verifies the estimated horizontal stress gradients for this field. 
It can be seen that, for the entire range of depth shown in Figure 3.9, there is very 
large variation of LOT data. It can be seen from this that, with the exclusion of the XLOT 
data, minimum horizontal stresses estimated from LOT data alone are more uncertain and 
could be greatly overestimated. 
 
3.2.3. In-Situ Stress Orientation. As previously stated, an Andersonian state of  
stresses exists within this field with a normal faulting stress regime. As such, one of the 
principal stress orientations will be vertical. The other two principal stresses will lie in a 
horizontal plane, orthogonal to each other. Since this orientation can be determined 
through observations of wellbore breakouts or drilling induced fractures (Section 2), the 
results from resistivity based borehole image logs, previously presented in section 3.2.1. 
Figure 3.5 through Figure 3.7 show resistivity based image logs from Wells C, D, 
and E. Figure 3.5 (Well C) shows small fractures estimated to have an orientation of 100o 
and 280o within the wellbore. These fractures are opposite each other in the wellbore and 
are believed to be drilling induced, therefore representative of the orientation of the 
maximum horizontal stress. Figure 3.6 (Well D) also shows what could be minor drilling 
induced fractures oriented at approximately 115o-125o and 295o-305o around the 
wellbore. The most prevalent drilling induced fractures can be seen in Figure 3.7 (Well 
E) which shows a section of log from an interval roughly 30m long showing clear 
fractures opposite each other in the wellbore at an orientation of 85o-125o and 265o-305o. 
Based on the proximity of the fractures from Well C and Well E, to those in Well E, and 
the fact that Well E showed the clearest set of drilling induced fractures, the center of the 
range of the fracture orientation from Well E was used to as the maximum horizontal 
stress orientation (105o and 285o). As such, the minimum horizontal stress was 





3.3.  ROCK STRENGTH AND DEFORMATION PROPERTIES 
 
3.3.1. Well Log Based Modeling.  Preliminary rock strength and deformation  
properties were determined through the use of well log analysis. In order to model 
strength and deformation properties as accurately as possible, logs were run for both –P 
and –S wave velocities. These where subsequently combined with bulk density logs and 
correlations presented in Section 2 (Equation (6) and Equation (7)). 
Well log based rock strength was calculated using the regional correlation shown 
in Equation (6) for unconfined compressive strength in MPa. The constants for this 
calculation are included in Table 3.4. Lithology was determined from well log analysis of 
gamma ray logs, as shown in Equation (5).  The shale index was used as an estimate for 
the actual shale content. The calculated UCS from well log analysis is included in Figure 






Table 3.4 Constants for pure sandstone and pure shale lithologies used in Equation (6) 
(Nygaard and Hareland, 2007). 
Lithology k1 k2 k3 
Sandstone 0.0011 50 3.42 












To establish new correlations for determining γ from well log analysis, a database 



































the results of triaxial tests previously conducted for the development of a rock 





Figure 3.11. Plot of results from triaxial testing database showing new correlation for γ 




Based on this database, relationships between failure angle and unconfined 
compressive strength were found based on lithology, as given in Equation (41) and 
Equation (42) for sandstone and shale, respectively. The plot trends represented by these 





















γ = 3.9 ln,UCS- + 60 (41)  
γ = 7.2 ln,UCS- + 39 (42)  
 
 
For mixed sandstone and shale lithologies, the failure angle was linearly 
interpolated between the two end member equations (Equation (41) and Equation (42)) 
and the compositional percentage of each material. Due to limited available data , the 
sandstone correlation was used for the limestone as well. When γ is obtained, the value 
can be related to β using Equation (2) and Equation (3).   
 
3.3.2. Rock Mechanical Testing.  The reservoir section of the discovery and  
exploratory wells in this field were cored in order to help with the geomechanical 
analysis of this field development. To verify the log based strength and deformation 
analysis, drained triaxial tests were completed on cores taken from the reservoir sections 
in both the reservoir sandstone and conglomerate formations.  
The triaxial tests were conducted at the Norwegian Geotechnical Institute’s rock 
mechanical laboratory. The stress strain curves for tests on sandstone cores are shown in 
Figure 3.12 for confining stresses of 2, 10, and 15 MPa. Figure 3.13 shows the axial 
stresses at failure as a function of the respective confining stresses. The y-intercept of this 
plot indicates the projected UCS and the slope of the line represents the tangent of γ. The 
line tangent to the stress vs. strain data at 50% of the peak stress was used to determine 






Figure 3.12. Axial and radial strain recorded during triaxial tests on sandstone cores from 
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Figure 3.13. Confining and axial stress at failure for triaxial tests on sandstone cores 




Triaxial tests were completed on six core samples from two different depths 
inside the reservoir conglomerate formation. The stress-strain curves for tests on the 
conglomerate cores are shown in Figure 3.14 and Figure 3.15 for confining stresses of 2, 
10, and 15 MPa. Figure 3.16 shows the axial stresses at failure with respect to the 
confining stresses. As in the sandstone tests, the y-intercept of this plot shows the 
projected UCS and the slope of the line represents the tangent of γ. The line tangent to 
the stress vs. strain data at 50% of the peak stress was used to determine Poisson’s ratio 
based on Equation (4). 
 
 





















Figure 3.14. Axial and radial strain recorded during triaxial tests on conglomerate cores 
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Figure 3.15. Axial and radial strain recorded during triaxial tests on conglomerate cores 
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Figure 3.16. Confining and axial stress at failure for triaxial test on conglomerate cores 
shown in Figure 3.14 and Figure 4.14. 
 
 
3.4. WELLBORE STABILITY ESTIMATION 
3.4.1.  Wellbore Stability Results.  This section presents the wellbore stability 
analysis conducted to aid in the field development. Wellbore stability analysis was 
completed on seventeen planned deviated production wells along with five injection 
wells used for disposal of water produced from the production wells. Stability was also 
analyzed for deviated pilot wellbores which are planned to collect data to help model the 
inconsistent geometry of this field. The main results are presented in this section. Tables 
including the planned wellbore orientations and calculated values for the mudweight 
window, corresponding with the results presented in this Section, are included in 
Appendix A. 
σ'1 = 28.8 + tan(70) σ'3






















Figure 3.17 shows the estimated mudweight window for a pilot wellbore for one 
of the planned horizontal production wells, as well as the modeled principal stress and 
pore pressure gradients, and the fracture trend from LOT results. The well builds to 40o 
of inclination and then drops to 10o inclinations. The least stable zones start at 1325 m, 
1640 m, and 1750 m. These three intervals are all in the same intermediate casing section, 
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Figure 3.18 shows the estimated mudweight window for a planned horizontal 
production wellbore, as well as the modeled principal stress and pore pressure gradients 
and the fracture trend from LOT results. The well builds to 19.3o of inclination and holds 
until it builds again to 90o in the reservoir section. The increased inclination in this well 
as it builds to horizontal results in a higher minimum mudweight than the previous well 
path for the intermediate casing section, around 1850 m. The minimum mudweight to 
avoid breakouts in the lower weak formation in the intermediate casing section is 1.45 sg. 
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Figure 3.19 shows the estimated mudweight window for another planned 
horizontal production well. The well has a more complex trajectory, which builds to 41.3o 
of inclination and then dropping to 18o before building again to 90o in the reservoir, while 
continually changing azimuth. For this orientation, the formation, starting at 1690 m, 
governed mudweight selection for the intermediate casing section. This section requires a 
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Figure 3.20 shows the estimated mudweight window for another planned 
horizontal production wells with a complex trajectory. It builds to 41.3o of inclination and 
then dropping to 18o before building again to 90o in the reservoir, while continually 
changing azimuth. The least stable formations are the same as the previous well path, and 
are also in the same intermediate casing section. The well orientation once again resulted 
in the second weak formation, starting at 1620 m, governing the minimum mudweight of 
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Figure 3.21 shows the estimated mudweight window for a planned water injection 
wellbore. The well builds to 71.7o of inclination and holds before dropping through the 
conglomerate reservoir beneath the oil water contact to end at 31.3o of inclination.  The 
increased inclination in the intermediate casing section, over that in the other planned 
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3.5. VALIDATION OF WELLBORE STABILITY METHODOLOGY 
3.5.1. Stability Analysis for a Vertical Well.  Initial wellbore stability analysis  
was completed for a vertical wellbore. Since vertical exploratory wells had already been 
drilled in this field, data from these wells can be used to validate the already-developed 
geomechanical model. Figure 3.22 shows the calculated mudweight window for a vertical 
well in this field based on the Mohr-Coulomb failure criteria. The minimum mudweight 
to avoid the occurrence of breakouts in the wellbore wall (BO) and the maximum 
mudweight to avoid fracturing the formations (Frac) are also included, along with the 
overburden stress and minimum and maximum horizontal stresses. The LOT-Frac plot 
indicates a trend of the LOT and mini-frac tests run in this field’s exploratory wells and 
other nearby reference wells. It is important to note that large intervals of depth exist 
between LOT data points, as was shown in Figure 3.9. However, this trend does not take 







Figure 3.22. Calculated mudweight window for a vertical wellbore based on the Mohr-
Coulomb failure criteria. 
 
 
The mudweight as a function of depth used to drill Well A is shown in Figure 
3.22 (represented as MW). It can be seen that the mudweight used is below the calculated 
minimum mudweight. Therefore, based on this analysis, breakouts should have occurred 





corresponding to the unstable zones around 1700 m and 1800 m, consistent with the 
occurrence of breakouts. Also, large amounts of claystone cavings (breakouts) were 
recorded during coring operations which were likely to have come from these zones. As 
the mudweight was increased from 1.32 sg to 1.36 sg in the lower part of the well, the 
cavings appeared to stop. 
While breakouts were forecasted to occur in these intervals, the difference 
between the minimum mudweight necessary to avoid breakouts and the mudweight used 
during drilling is 0.12 sg at 1700 m depth. As a result, an analysis of stresses around the 
wellbore was completed to determine the size of the wellbore breakouts that would occur 
for a mudweight of 1.32 sg at the depth of 1700 m. Analysis of the estimated stresses 
around the wellbore, for a mudweight of 1.32 sg, resulted in stresses above the point 
where failure would occur for two areas of about 90o around the wellbore, as 





Figure 3.23. Mohr-Coulomb based estimated area of shear failure around the vertical 


























It was determined that if the 1.32 sg mudweight was actually 0.12 sg below the 
point where breakouts began to occur, more significant wellbore stability related issues 
would have occurred than were observed. This result is consistent with the general 
understanding that for a vertical wellbore, the Mohr-Coulomb failure criterion 
underestimates wellbore stability with this model (Fjaer et al., 2008). 
 
3.5.2. The Addition of Mogi-Coulomb Failure Criteria.  As discussed in  
Section 2, the Mohr-Coulomb failure criterion has previously been shown to 
underestimate the stability of wellbores (Aadnoy, 2011). As a result, it overestimates the 
minimum mudweight to avoid the occurrence of borehole breakouts when used to 
calculate wellbore stability. Thus, it was determined that other failure criteria should be 
considered for the production well planning in this field. Section 2 also presented the use 
of Mogi-Coulomb failure criteria, which is not as conservative as Mohr-Coulomb failure 
criteria and has been shown to more accurately estimate wellbore stability (unlike other 
failure criterion may, such as Drucker-Prager (Aadnoy, 2011)). 
The wellbore stability analysis to estimate the minimum mudweight to avoid 
wellbore breakouts for the vertical wellbore in this field was repeated using the Mogi-
Coulomb failure criterion. Figure 3.24 shows the mudweight window estimation for a 
vertical wellbore in this field with the addition of the breakout analysis completed using 
Mogi-Coulomb failure criterion, represented by the solid red line. The previous analysis 







Figure 3.24. Calculated mudweight window for a vertical wellbore based on the Mogi-




The mudweight used to drill Well A is once again indicated as MW in Figure 
3.24. It can be seen that this breakout analysis more closely matches the failure which 


























PP Frac Sh min
Sh max Sv LOT Frac





intervals around 1700 m and 1800 m for a mudweight of 1.32 sg, which matches the 
observations. The minimum mudweight to avoid breakouts at 1700 m is 1.38 sg and 1.35 
sg at 1830 m. This closely matches the fact that the claystone cavings appeared to stop 
once the mudweight was raised to 1.36 sg. 
The log based geomechanical model for the reservoir section, below 1900 m, was 
verified based on results from rock mechanical testing on cores taken from this section 
these wells (further analysis is included in section 3.7). The Mohr-Coulomb based 
wellbore stability analysis for these formations estimated the minimum mudweight to 
avoid breakouts of 1.28-1.3 sg. This section in other exploratory wells was drilled with 
1.2 sg mudweight. Based on this analysis, breakouts should have occurred during the 
drilling of these wells; however there was no indication of this occurrence. The Mogi-
Coulomb based failure analysis estimated minimum mudweight to avoid breakouts was 
1.19-1.2 sg for the reservoir section. This failure analysis matches the observations, 
resulting from drilling of this section, from other wells. 
 
3.5.3. Considerations for Heterogeneous Rock Properties.  Rock strength and  
deformation properties are often anisotropic. This heterogeneity is due to the presence of 
bedding planes which make the rock laterally isotropic but transversely anisotropic. 
Testing has shown that for anisotropic rocks with bedding planes, the rock strength varies 
as a function of the orientation of the bedding planes to the principal stress directions. 
The rock strength is reduced when the orientation of shear stress coincides with the 
bedding planes within the rock. Table 3.5 shows UCS results from rock tests conducted 
on three sedimentary rock types (Chenevert, 1964) as a function of angle of bedding 
planes. These tests were completed on Leuders limestone, Arkansas sandstone, and Green 
River shale. It can be seen that for the limestone, there is no change in shear strength with 
respect to the bedding plane orientation. For the Arkansas sandstone, there is a small 
decrease in shear strength and friction angle with the bedding planes was oriented 
between 15o and 30o from the direction of the applied force. The shale however, shows 
variation in shear strength and friction angle across the entire range of angles between the 





Table 3.5. Rock test data showing the change in shear strength and friction angle (φ) with 
changing angle between applied force and the bedding planes (λ) (Chenevert 1964). 
  Shear Strength Φ λ 
Rock (psi) (o) (o) 
Leuders Limestone 2500 35 All β 
Arkansas Sandstone 5000 57.5 0<β<15 
  5000 57.5 35<β<90 
  4200 50 15<β<35 
Green River Shale 7250 41 0 
  6000 32 15 
  8250 30 30 
  7500 33.4 45 
  7500 35 60 
  7800 36.5 75 
  7250 43 90 
 
 
Aadnoy (2008) investigated the stability of inclined wellbores as an extension of 
previous (Bradley, 1979) stress analysis around a deviated wellbore. This analysis 
included changes in rock strength with respect to the bedding planes based on rock 
testing from Llewelyn (1980) and Chenevert (1964). This work determined that for wells 
drilled through anisotropic, laminated formations, there is a weakness plane that increases 
the likelihood of the occurrence of wellbore breakouts or collapse for wellbore 
inclinations from 10o to 40o. 
The planned well paths for productions wells in this study field pass through 
laminated sedimentary formations. For all wells, there are large intervals which pass 
through shale and claystone with an inclination ranging from 20o to 60o. For these 
formations, the effect of bedding planes on rock strength must be addressed to avoid 
overestimating the stability of the wellbore. The major issue in considering the transverse 
strength anisotropy, when planning wellbores, is the lack of data representing this 
phenomenon. Proper modeling of strength with respect to bedding plane orientation 
requires rock testing of cores from the formations in the model at all orientations of 
bedding planes. This is not feasible, as these cores cannot be collected from exploratory 




order to address strength anisotropy without the use of directional strength data, and is 
presented in Section 3.6. 
 
3.6. DEVIATED EXPLORATION WELL STABILITY 
3.6.1. Stability Observations.  During exploration drilling in this study field, a  
deviated sidetrack well was drilled from one of the vertical exploration wells in order to 
investigate the nearby formations.  The existence of breakouts in this deviated wellbore 
supplied a basis for the investigation regarding how to apply failure analysis for deviated 
wellbores through anisotropic formations. Figure 3.25 bellow shows a wellbore diagram 









During the drilling of this sidetrack wellbore, operational problems, consistent 
with the occurrence of wellbore breakouts, were encountered in the intermediate casing 
section and are indicated in Figure 3.25. Figure 3.26 shows an overview of the lithology 
of the formations drilled in the intermediate well interval. The log shows the calculated 
unconfined compressive strength for the formations in this section. It can be seen that the 
minimum strength values correspond to the formations labeled as Claystone 1, Claystone 
3, and Claystone 5. These formations, therefore, govern the minimum mud weight 










3.6.2. Wellbore Stability Analysis.  During drilling, the deviated wellbore  
azimuth with the largest operational mudweight window is parallel to the minimum 
horizontal stress orientation. The least stable wellbore azimuth parallels the orientation of 
the maximum horizontal stress orientation. The wellbore stability analysis completed for 
this field forecasts the mudweight window for any wellbore inclination parallel to the 
minimum and maximum horizontal stress orientations. In addition to wellbore 
inclination, the mechanical strength of the formations governs the minimum mudweight 
necessary to prevent breakouts. Figure 3.27 through Figure 3.29 show the results of this 
analysis for the weaker formations which govern the mudweight selection for this well 
section. Any wellbore orientation between the minimum and maximum horizontal stress 





Figure 3.27. Forecast mudweight window for Claystone 1 interval at any inclination 





Figure 3.28.  Forecast mudweight window for Claystone 3 interval at any inclination 




Figure 3.29.  Forecast mudweight window for Claystone 5 interval at any inclination 




A wellbore stability analysis was completed (based on the specific inclination and 




wells. This analysis determined minimum mudweight values to avoid wellbore breakouts, 
based on Mohr-Coulomb failure criterion, as well as maximum mudweight to avoid 
fractures (assuming intact rock without pre-existing fractures). 
Figure 3.30 shows the calculated minimum mudweight to avoid breakouts for the 
interval where breakouts occurred (based on survey data from the deviated sidetrack). 
From this and based on the geomechanical model developed here, the minimum 
allowable mudweight to avoid breakouts is 1.43 sg (without considerations for pressure 





Figure 3.30.  Plot of pore pressure and the calculated minimum mudweight to avoid 
wellbore breakouts for the interval where breakouts occurred based on survey data from 





















Figure 3.31 shows the calculated minimum mudweight to avoid wellbore 
breakouts for the vertical exploratory well through the same interval where breakouts 
occurred in the deviated sidetrack. For the vertical well, a minimum mudweight of 1.42 





Figure 3.31.  Plot of pore pressure and the calculated minimum mudweight to avoid 
wellbore breakouts for the vertical exploratory well through the same interval where 























3.6.3. Changes to the Geomechanical Model.  The study well was drilled  
through the weak formations in the intermediate casing section with an azimuth 36o from 
the minimum horizontal stress orientation and inclination of 34o. This section was drilled 
to 1879.4 mTVD with a mudweight of 1.4 sg. This mudweight was selected based on 
other drilling considerations beyond wellbore stability while drilling. During drilling 
operations, areas of breakouts were observed, including excessive cavings from the weak 
shale horizons, which corresponded to Claystone 3 and Claystone 5, indicated by the two 
arrows in Figure 3.31. 
Initial wellbore stability analysis, based on these well paths, did not match the 
wellbore failure observed during the drilling operations. For the deviated wellbore along 
the surveyed well path, this analysis predicted breakouts should occur in all three weak 
zones when drilled with a mudweight of 1.4 sg. Rather, a minimum mudweight of 1.46 sg 
in order to avoid breakouts in all three weak claystone formations was predicted. 
Comparing the results for a vertical wellbore drilled through these formations, this model 
determined a minimum mudweight of 1.45 sg was necessary to avoid breakouts. Both of 
these results conflicted with the fact that the original vertical exploratory well had been 
drilled with a mudweight of 1.4 sg without the observation of major breakouts. 
Upon close investigation of the well log based rock strength and deformation 
properties, it was determined that the initial values picked for UCS were too low (within 
the range of well log based UCS estimates). As a result, the model was improved by 
using slightly higher strength values for these shale formations. With the addition of this 
change to the geomechanical model, the resulting wellbore stability analysis correctly 
estimated wellbore breakouts for Claystone 3 and Claystone 5. The wellbore stability 
results presented for this field include this change to the geomechanical model used for 
this field. 
This presents a validation of the use of Mohr-Coulomb failure criterion for 
deviated well planning in this study field. This analysis shows that for wells oriented with 
failure in the plane of weakness (as discussed in Section 3.5.3) between 10o and 40o of 
wellbore inclination, the Mohr-Coulomb failure criterion can closely estimate when 




orthogonally to the bedding planes), Mohr-Coulomb failure overestimates the required 
mudweight in order to avoid breakouts. 
For the field studied here, the reservoir section is to be drilled near horizontal for 
almost all of the wells. The sandstone and the conglomerate formations in the reservoir 
do not indicate any visible bedding planes from the retrieved cores or in the resistivity 
based borehole image logs. Thus, it is likely that if these formations were tested for 
strength at different rock orientations, they would have very XXX isotropic rock strength 
and deformations properties. For this reason and the high angle of the planned well paths, 
it was determined that the use of Mohr-Coulomb failure criterion breakout estimation 
would falsely raise minimum mudweight results for these wells.  
Section 3.5.2 showed that, for a vertical wellbore, the Mogi-Coulomb failure 
criterion provides a better estimate of the breakout conditions in the reservoir section than 
the Mohr-Coulomb failure criterion, when applied to this geomechanical model. 
Furthermore, it was shown that Mogi-Coulomb failure criterion properly estimates 
wellbore failure for vertical wells and deviated wells through non-laminated, 
homogeneous formations. The breakout analysis also demonstrated that the application of 
Mohr-Coulomb failure criterion alone provides adequate failure analysis for wellbore 
stability calculation in deviated wells through laminated formations. Since the formations 
above the reservoir are generally laminated with clear bedding planes, while the reservoir 
formations are isotropic with respect to orientation, the Mohr-Coulomb failure criterion 
should be applied in the overburden formations and the Mogi-Coulomb failure criterion 
should be applied within the reservoir to predict wellbore breakouts. Figure 3.32 below 
shows a calculated mudweight window for one of the planned production wells in this 
field, based on this new methodology for breakout prediction (BO Combined). The 
change in the mudweight window in the reservoir section when applying Mogi-Coulomb 








Figure 3.32. Calculated mudweight window for a planned production wellbore based on 




3.7. ROCK TESTING AND MODEL CALIBRATION 
3.7.1. Triaxial Testing Results.  Triaxial testing results were used to validate the  
well log based strength and deformation property model. Ideally, tests  would have been 
conducted on a preserved core, where all the plugs will be drilled out at the same depth. 
However, since this was not an option, plugs were drilled out at different depths from a 
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sandstone core triaxial testing results shown in Figure 3.12. UCS and γ were determined 
based on the data provided in Figure 3.13. Poisson’s ratio and Young’s Modulus were 





Figure 3.33. Test sample from the sandstone interval. Picture shows the 2 MPa test before 




Table 3.6. Strength and deformation properties from triaxial tests on core samples from 
the sandstone reservoir formation. 
σ'vc σ'hc ν UCS γ 
MPa MPa   MPa o 
18.9 1.98 0.38     
50 9.95 0.21 15.3 71 
55.5 14.96 0.19     
σ'vc  (axial/vertical stress), σ'hc (radial/horizontal stress), ν 
(Poisson’s ratio), UCS (Unconfined Compressive 
Strength), γ (tangent of ratio between  axial stress at 
failure and confining stress) 
 
  
The log derived strength and deformation properties for the sandstone interval are 
shown in Figure 3.34.  Static strength and deformation properties from triaxial testing 




Figure 3.34. Log based rock strength and 
with the solid black points representing values from triaxial testing.
The conglomerate triaxial tests were conducted on pres
different depth 1904 m and 1969 m in the reference well. The stress strain curves for the 
tests run on conglomerate cores from the first cored interval are shown in 
Figure 3.15 for confining stresses of 2, 10, and 15 MPa.
Figure 3.35 shows the 15 MPa sample before and after testing. 
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Figure 3.35. Test sample from first conglomerate interval. Picture shows the 15 MPa test 




The conglomerate at a depth of 1904 m consists of clasts at various sizes with a 
porous sandstone matrix. Table 3.7 shows the strength and deformation properties from 
the sandstone core triaxial testing results (provided in Figure 3.14 and Figure 3.15). UCS 




Young’s Modulus were calculated from stress and strain relationships shown in Figure 
3.14 and Figure 3.15. 
 
 
Table 3.7. Strength and deformation properties from triaxial tests on core samples from 
the conglomerate formation. 
Depth σ'vc σ'hc ν UCS Γ 
m MPa MPa MPa o 
19.05 2 0.39 
1904 36.58 9.95 0.28 12.1 70 
56.17 14.96 0.35 
29.87 2.01 0.26 
1969 68.96 10.17 0.31 28.8 70 
64.48 15.35 0.34 
σ'vc  (axial/vertical stress), σ'hc (radial/horizontal stress), ν (Poisson’s ratio), 
UCS (Unconfined Compressive Strength), γ (tangent of ratio between  
axial stress at failure and confining stress) 
 
 
The log derived strength and deformation properties are shown in Figure 3.36. 
Static strength and deformation properties from triaxial testing in both conglomerate 




Figure 3.36. Log based rock strength and deformation properties for the conglomerate 
interval with dots representing static values from triaxial testing.
 
Wellbore stability w
based rock strength properties.  This analysis was carried out by predicting wellbore 
breakouts based on both Mohr
wellbore stability envelope for th
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and σ# orientation. As the rock properties for the sandstone from well log analysis 
matched those from traxial tests, there was no change in wellbore stability. The mud 
weight at which breakouts will occur based on the Mohr
represented by the blue lines
the Mogi-Coulomb failure criteria is represented by the black lines. The maximum 
allowable mud weight to avoid fractures is 
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Figure 3.37. Wellbore stability window at increasing inclination along the minimum and 




Wellbore stability analysis for the conglomerate zone was also completed using 
both well log and triaxial testing rock strength values.  This analysis shows a large 
variation in wellbore stability, corresponding to variations in strength values.  The 
wellbore stability window for the conglomerate zone, based on well log derived rock 
strength properties, is shown in Figure 3.38.  Once again, the mudweight window is 
shown, for any inclination, for wellbore azimuths along the σ: and σ# orientation. The 
difference in wellbore stability window when triaxial testing rock strength properties was 
used can be seen in Figure 3.39 and Figure 3.40.  These show the decrease in wellbore 








Figure 3.38. Wellbore stability window at increasing inclination along the minimum and 




Figure 3.39. Decrease in wellbore stability window from well log based strength values 





Figure 3.40. Decrease in wellbore stability window from well log based strength values 
with triaxial test strength properties along the minimum horizontal stress orientation. 
 
 
3.7.2. Validation of Rocks Strength Correlations.  For the sandstone formation, 
 the strength and deformation properties derived from logs are in agreement with the 
properties predicted by well log based correlations. As can be seen in Figure 3.34, the 
strength properties, UCS and γ, from each analysis are nearly the same.  The Poisson’s 
ratio from triaxial testing results show slight variations, which is common in such test 
results. However, these results may still be considered to be in good agreement with the 
log derived properties (Figure 3.34). This shows that the log derived values for the 
cleaner sandstone intervals are expected to give a reasonable prediction of the strength 
and deformation properties. 
For the conglomerate intervals, the strength and deformation properties show a 
large discrepancy between the triaxial testing values and well log analysis based values 
(Figure 3.36). The results from both rock mechanical conglomerate laboratory tests show 
that the rock strength is approximately half of the log derived value. This is a substantial 
difference, especially when compared to analysis of the clean sandstone, which has 




Further, when comparing the Poisson’s ratio from the sandstone and conglomerate, there 
is a better match between test and log derived values. This shows that the deformation of 
the conglomerate with a sandstone matrix occurs close to the predictions from well logs 
until failure occurs.  
As shown in Figure 3.35, the failure in the conglomerate tests occurred in 
undulated paths between the sandstone matrix and conglomerate clasts.  This failure, at 
the interfaces between the matrix and conglomerate clasts, shows that rock strength in 
this formation is not governed by the strength of the sandstone matrix or conglomerate 
clasts strength, but by the bonding strength and stress concentration occurring at the 
interface between these two materials. As can be seen in Figure 3.16, there is also a very 
high amount of variance in strength between the different conglomerate cores tested.  
This can also be attributed to the failure of the bonds within the conglomerate. 
The results from the wellbore stability analysis show the need for extra 
considerations when planning drilling operations in conglomerate reservoirs.  The 
difference in rock unconfined compressive strength from well log analysis and triaxial 
testing shows the well log analysis overestimates strength by over 42 MPa.  Such a large 
overestimation in strength could lead to issues during drilling operations planned from 
analysis of this formation.  As Figure 3.39 and Figure 3.40 show, the minimum mud 
weight to avoid breakouts in the conglomerate zone was 0.37 sg higher for Mohr-
Coulomb failure and 0.41 higher for Mogi-Coulomb failure, calculated using triaxial test 
based rock strength and deformation properties (as opposed to well log values).  The 
fracture pressure was decreased by 0.12 sg.  These overestimates of wellbore stability are 
significant enough to cause operational drilling issues if mudweight was selected based 
on wellbore stability analysis computed from well log based rock strength and 
deformation properties. These rock strength differences could also be problematic in 
other geomechanical analysis for production planning, such as sand production 
considerations. 
This methodology shows that rock mechanical testing is necessary to calibrate 
well log analysis when conducting geomechanical analysis of unconventional rock types. 
The triaxial testing in the sandstone shows that the well log analysis used yields accurate 




conglomerate shows that, even though the conglomerate matrix is the same type as the 
sandstone formation, the well log analysis used does not yield accurate rock strength 
properties for use in wellbore stability analysis. Wellbore stability analysis showed the 
effect of inaccurate rock strength and deformation properties on the geomechanical 
analysis of wellbore stability. This demonstrates the need to include collection of core 
samples for rock mechanical in exploratory drilling operations for unconventional rock 







4. PROBABILITY IN WELLBORE STABILITY 
 
This Section presents a practical methodology for the application of a 
probabilistic approach to wellbore stability analysis. Methods for defining probability 
distributions for input parameters for wellbore stability analysis are also included. The 
methodology presented here was applied to the study field (presented in Section 3) to 
investigate the effectiveness of the probabilistic approach to wellbore stability analysis 
for drilling planning in new field developments. The analysis presented here addresses 
the uncertainty in the required input parameters for the analysis as outlined in Section 2 
and the natural variability of the parameters caused by the heterogeneous nature of the 
geological formations. As discussed in Section 2 and 3, rock strength and deformation 
properties and in-situ stresses were included in the analysis. The potential error resulting 
from the assumption of linear-elastic material behavior and failure analysis based on the 
assumption of intact material was not considered. 
 
4.1. PROBABILISTIC WELLBORE STABILITY ANALYSIS 
The uncertainty of the data collected and the analytical methods used to determine 
the inputs for wellbore stability analysis results in uncertainty in the predicted mudweight 
window. Previous methods for addressing the uncertainty in wellbore stability analysis 
were presented in Section 1.1. In order to implement a probabilistic approach to wellbore 
stability analysis, the uncertainty of each required input parameter must be determined. 
McLellan and Hawkes (1998) were the first to propose the use of probability distribution 
functions (PDFs) to represent the uncertainty of these input parameters. This method has 
been applied in other investigations (Liang, 2002; Moos et al., 2003), however, the 
method by which these distributions were determined was not explicitly addressed. 
Furthermore, the input parameters, in many of these investigations, were assumed to have 
a normal distribution, but a justification of this assumption was not discussed. The 
methodology presented here will show the assumptions necessary to define distributions 
for the wellbore stability analysis input parameters, along with justifications for and/or 




Uncertainty in each of the rock strength and deformation properties comes from 
two sources. One source is the heterogeneity of the rock throughout the formation. The 
other is the error with respect to how well the log-based wellbore stability analysis 
represents the actual rock properties. 
When completing wellbore stability analysis for planned well paths in any well 
before drilling, the exact rock strength and deformation properties are not known. 
Further, well log measurements for that specific well path has not been obtained. This is 
problematic since rock strength and deformation properties are needed a priori in order to 
complete wellbore stability analysis.  
The only information available, on which to base a geomechanical model, are 
from reference wells in the area, which are generally widely spaced. By developing a 
generalized geomechanical model to be used for analysis throughout the field, it is 
assumed that the model correctly represents the entire field. Since exact log 
measurements are not available throughout the field, the model must be divided into 
discrete intervals. This is typically done vertically by formation, within which explicit 
rock strength and deformation properties are applied. This method assumes that each 
formation is homogeneous across the entire area of the field. It is important to note that 
by not considering the lateral heterogeneity of the formations, this method may 
underestimate the uncertainty of the rock strength and deformation properties. As a result, 
an underestimated level of uncertainty of the estimated breakout and fracture mudweight 
may occur. 
Beyond rock heterogeneity, the effectiveness of well log based correlations, used 
to represent actual rock strength values, also adds uncertainty to this discretized 
geomechanical model for mechanical analysis. As such, it is recommended here that 
triaxial testing and breakout analysis (as demonstrated in Section 3) be included in order 
to verify the well log based correlations used in the geomechanical model. The addition 
of these analyses greatly reduces the amount of uncertainty in the validity of the well log 
based rock strength and deformation property correlations. As a result, it is possible to 
predict the probability distribution functions for rock strength and deformation properties 




method may underestimate the uncertainty of the rock strength and deformation 
properties. 
In in order to determine probability distribution functions for rock strength and 
deformation properties, the data from well log analysis can be represented by a number of 
different distribution types including normal, lognormal, Weibull, logistic, Pareto, 
Student’s t, maximum extreme and several others. The most appropriate PDF can be 
determined by completing a goodness of fit test. Different goodness of fit tests exist 
including Chi-squared, Kolmogorov-Smirnov, and Anderson-Darling. For data used in 
this investigation, the Chi-squared test cannot be used as it applies only to binned data 
sets. The Kolmogorov-Smirnov test can be used for these datasets, however, it has been 
shown to over-emphasize on data from the middle of the data set (Stephens, 1974). 
Therefore, the Anderson-Darling test is recommended for use in this methodology since 
it applies a similar approach to the Kolmogorov-Smirnov test, but places more weight on 
the data in the tails of the distribution being represented (Stephens, 1974). 
The Anderson-Darling test is a hypothesis test that compares the cumulative 
distribution of the data to that of the PDF. The distance between the two is represented by 
Equation (43), where F*,x- is the cumulative distribution function of the sample set and 
F,x- is the hypothesized cumulative distribution function (Anderson and Darling, 1952). 
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This method takes the squared differences between the dataset’s cumulative 
densities and those from the assumed PDF. Subsequently a weighted average is applied, 
thereby emphasizing discrepancies in data in the tails of the distribution. This is done in 
order to calculate a test statistic (Anderson and Darling, 1952). Lower values of this test 
statistic indicate it is more likely that the data could have come from the hypothesized 
distribution.  
For any value of the test statistic, a p-value can be calculated that represents the 




set being tested. The p-value can be compared to an α value, selected to represent the 
maximum acceptable level of risk of incorrectly determining that the hypothesized 
distribution does not fit the data set being tested. If the p-value is less than the α value, it 
can be concluded that the hypothesized distribution does not fit the data set. 
Due to the low number of data points typically available for in-situ stress 
determination in new field developments, there is insufficient data upon which to fit 
probability distributions for these input parameters. As previously discussed, previous 
investigations applied normal distributions to the in-situ stress magnitudes, based on a 
percentage variability of the stresses. It was determined here that possible bounds on 
these stresses could be defined; however, the probability within these ranges could not be 
determined. As such, a uniform distribution for each in-situ principal stress is the only 
distribution which can be justified. 
As presented in Section 2, the overburden (or vertical) stress is a result of the 
weight of the overlying formations. As such, it was shown that the magnitude of the 
overburden stress can be calculated through the integration of bulk density log 
measurements. Bulk density logs provide a highly accurate measure of the density, 
compared the accuracy of the other input parameters along the wellbore (where well logs 
are completed). For this reason, these logs are assumed to closely represent the actual 
density of the formations where measurements are taken. Therefore, the uncertainty in the 
calculation of the bulk density logs is mainly a result of a lack of bulk density log 
measurements for the shallow depth interval where bulk density logs are not completed 
(between the seafloor and the end of the surface casing). For this area, assumptions must 
be made for the shallow densities in order to estimate the overburden stress. 
In order to estimate the uncertainty of the overburden stress magnitude, the 
minimum and maximum values for the assumed density of the shallow interval had to be 
determined. In order to determine these bounds, data from other fields in the area must be 
used. If regional data is not available, the standard range of shallow density for 
sedimentary basins, presented in Section 2, can be used, however, this could add 
uncertainty to the model. While this method yields values for the minimum and 
maximum possible overburden stress magnitudes, the distribution of the overburden 




The uncertainty of the in-situ horizontal stresses is more difficult to define. The 
fracture closure pressures (obtained from mini-frac tests) have been shown to best 
estimate the minimum horizontal stress magnitude (Section 2). However, the measured 
fracture closure pressures from these tests show some variation (Section 3). As such, 
uncertainty in the minimum horizontal stress magnitude still exists. Further, there is no 
method by which to determine any bounds or distributions for the minimum horizontal 
stress. For this reason, it was assumed that the range of measured fracture closure 
pressures, previously presented in Table 3.2, indicates the entire domain of minimum 
horizontal stress magnitude. 
As discussed in Section 2, no method exists for direct measurement of the 
maximum horizontal stress magnitude. A method was proposed in which the maximum 
horizontal stress magnitude was determined based on fracture pressure calculation from 
Equation (11) or Equation (12), respectively, for impermeable or permeable formations, 
and results from mini-frac/XLOT data. These equations can also be used in order to 
define possible bounds on the maximum horizontal stress magnitude, based on fracture 
pressure and other previously defined variables (minimum horizontal stress, tensile 
strength and Poisson’s ratio). By varying the variables in these equations over their 
respective possible ranges, the bounds on the maximum horizontal stress can be 
determined.  
In a probabilistic approach to wellbore stability analysis, each input parameter can 
be represented by a probability distribution function. This analysis is completed with 
inputs represented by these distributions (instead of specific values). Some parameters are 
independent from each other, while others are naturally correlated (a change in one 
parameter results in a corresponding change in other parameters). This correlation must 
be determined and represented in the analysis. 
In order to properly address the correlation of the input parameters, the level of 
correlation (i.e., a correlation coefficient) between them must be defined. Correlations 
can be represented by different correlation coefficients. These correlation coefficients 
range from -1 to 1. Positive values indicate correlations between parameters where as one 
increases the other also increases while a negative correlation coefficient indicates that 




the Pearson coefficient and the Spearman rank correlations coefficient. For this 
methodology, the Spearman rank correlation is used as the Pearson coefficient does not 
generalize easily to all distributions (Kelton and Law, 1991). Based on the Spearman 
rank correlation coefficient, the correlation can be applied to the simulated input 
parameter distributions based on the rank correlation method developed by Iman and 
Conover, (1982). This method is advantageous since it is independent of distribution. 
This method also maintains the numbered set on which it is based and only affects the 
pairing of those data sets during simulations.  
For the Spearman rank correlation coefficient, a p-value can be calculated (as for 
the Anderson-Darling test statistic) which shows the likelihood of the resulting 
correlation coefficient being a result of chance (as apposed to an actual correlation 
existing between two parameters). An alpha value must be selected which represents the 
acceptable risk that the analysis will falsely determine that the parameters have no 
correlation. If the resulting p-value, from the calculated Spearman rank correlation 
coefficient, is greater than the selected α value, then the parameters can be considered to 
have no correlation. 
 
4.2. VARIABILITY OF GEOMECHANICAL MODEL 
This section presents an investigation of the sensitivity of wellbore stability 
analysis to the accuracy of the input parameters from the geomechanical model. For this 
analysis, input parameters where applied from the shale interval discussed in section 
3.6.1 . As mentioned above, in order to determine the importance of the accuracy of each 
input parameter, the uncertainty associated with each parameter. This section addresses 
how the range of each input parameter was determined in order to analyze the effect of 
the change in each parameter within its defined bounds.  
4.2.1. Bounds on Rock Strength and Deformation Properties.  With the  
addition of triaxial testing on core samples from reference wells, the bounds of the rock 
strength and deformation properties was determined (based on the methodology 
presented in Section 4.1). As was shown in Section 3.7, the well log based results for 
rock strength and deformation properties matched the results from the triaxial tests on 




showed that the strength correlations used for claystone/shale were valid for Mohr-
Coulomb failure criteria. Furthermore, by including the analysis of breakouts and triaxial 
testing results in the geomechanical modeling, the uncertainty of the well log based 
correlations is minimized, and the corresponding uncertainty of the rock strength and 
deformation properties is considered to be negligible. It is important to note that this 
assumption may result in an underestimation of the rock strength and deformation 
properties used as inputs in this analysis. 
The bounds for the rock strength and deformation properties (for each formation) 
were determined based on the well log based correlations. Since the results from these 
correlations were validated (Section 3.6 and 3.7), the variability of these parameters was 
based on the well log based correlations alone. Other well log based correlations for UCS 
were investigated; however, including them would have resulted in an unrealistic possible 
range of roughly 30 MPa. This shows how the inclusion of triaxial testing and breakout 
analysis can significantly increase the accuracy of a geomechanical model. The variation 
of UCS from the exploratory wells was used as the domain for each lithology. For β and 
Poisson’s ratio, the domain of each was also determined based on the well log analysis 
results. The variation of these calculated parameters was used to define the bounds of 
each parameter. These bounds for the rock strength and deformation properties are 
included in Table 4.1 for both the sandstone and shale formations investigated (presented 
as percentage change).  
 
 
Table 4.1. Bounds on rock strength and deformation properties (shown as percentage 
change). 
Input Shale Sandstone 
Parameter (±%) (±%) 
UCS 36.17 98.56 
β 26.61 2.54 
Poisson's 2.28 9.47 
 
 




geomechanical model were calculated (based on the method presented in Section 
4.1) from the range of densities in the shallow interval where bulk density logs do not 
exist. The interval for this field (shown in Figure 3.8) is defined from the sea floor to a 
depth just over 600 m from mean sea level. To solve for the overburden stress, 
assumptions must be made regarding the density in order to integrate the density over the 
entire depth, from mean sea level. In Section 3.2.2, this value was assumed to be 
constant, as justified by conditions of previous ice loading in the North Sea. In order to 
estimate the domain of the overburden stress, it was assumed that the density above 609 
m could not be greater than maximum value from bulk density logs just below 609 m in 
depth. This upper bound on the bulk density is represented in Figure 4.1 by the red 
dashed line. The other assumption was based on a work by Gac et al., (2012). This work 
developed a correlation for bulk density (ρk) with depth (z) in the Barents Sea (based on 






















































This estimation for shallow density was determined to represent the lower bound 
of the possible bulk densities for the shallow depth since shallow bulk densities above 2.0 
g/cc have been seen in the North Sea, as discussed in Section 2. For this analysis, a water 
density (ρ?) of 1033 kg/m3, a grain density (ρ') of 2700 kg/m3, a porosity at surface 
seafloor (φD) of 0.6, and a decay parameter (C) of 9.10-4 m-1 were assumed. 
The bounds on in-situ horizontal stresses were defined based on the method in 
Section 4.1. These tests were completed in the reservoir sandstone formation, which gave 
the best possible estimate of the minimum horizontal stress (as discussed in section 2). 
These tests showed some variation in fracture closure pressure. Per the method in Section 
4.1, the range of measured fracture closure pressures (previously presented in Table 3.2), 
was assumed to indicate the entire domain of this stress. 
The bounds on the maximum horizontal stress magnitude where also determined, 
based on the fracture modeling method (Section 4.1). The data from both mini-frac tests 
completed in this field (Well A and B) was used with Equation (12) since the tests were 
completed in the permeable reservoir sandstone formation. As a result, the upper bound 
of the maximum horizontal stress was determined to be 2.07 sg. This stress magnitude is 
actually higher than the overburden stress gradient estimated for this field. This state of 
stresses indicates a slight strike slip faulting regime, which was not observed from faults 
in the area. There is also no active faults, indicating a normal faulting regime as 
previously assumed. For this reason, the upper bound of the maximum horizontal stress 
gradient was slightly higher than the overburden stress gradient. In addition, based on the 
variation of the variables in Equation (12), the minimum value for the maximum 
horizontal stress gradient is 1.41 sg, which is less than the estimated minimum horizontal 
stress gradient. Since that gradient was determined based on fracture closure pressure, it 
can be assumed that there is no principal stress lower than that value. Thus, the lower 
bound for the maximum horizontal stress was set equal to the estimated minimum 
horizontal stress gradient of 1.60 sg. Table 4.2 shows the calculated bounds on in-situ 







Table 4.2. Bounds on in-situ stress magnitudes (shown as percentage change). 
Input Shale Sandstone 
Parameter (±%) (±%) 
Sv 1.40 1.54 
SH 12.86 12.86 
Sh 3.55 3.55 
 
 
4.3. SENSITIVITY OF INPUT PARAMETERS 
4.3.1. Analysis of Sensitivity.  This section presents the results of the sensitivity 
analysis, completed on all of the input parameters required for wellbore stability analysis. 
As previously mentioned, this sensitivity analysis was completed with the domains of 
each input parameter included in Section 4.2. For this analysis, wellbore orientations 
parallel to each in-situ principal stress orientation were investigated (a vertical wellbore 
and two horizontal wellbores along the minimum and maximum horizontal stress 
azimuths). The minimum and maximum horizontal stress directions correspond to the 
most stable and least stable orientations for horizontal wellbores, respectively. Along 
these orientations, the sensitivity of the calculated mudweight at which breakouts and 
fractures will occur was investigated as a function of a change in each input parameter 
(based on their individually estimated bounds). 
The sensitivity of the shale and sandstone formations shows the same general 
trend since they are based on the same deterministic analysis. As such, the results 
presented here are only from the shale formation (Figure 4.2 through Figure 4.7). These 
figures include the change in the minimum mudweight to avoid breakouts, for wellbores 
in the vertical direction (BO Vert) and horizontally along the maximum horizontal stress 
direction (BO SH) and minimum horizontal stress direction (BO Sh), with change in each 
parameter over their respective bounds. Also included is the change in the maximum 
mudweight to avoid fractures, for these wellbore orientations, with change in each 
parameter over their respective bounds. 
The sensitivity of the rock strength and deformation properties is included in 
Figure 4.2 through Figure 4.4. These figures show the possible effect of the uncertainty 




difference of 5.5-6.2% in breakout mudweight and 0.9-1.1% in fracture mudweight. The 
effect of the uncertainty of β (Figure 4.3) was a change in breakout mudweight of 7.5-
9.4%. β does not affect the fracture mudweight, as this parameter is only related to shear 
failure (does not affect tensile failure). The change in Poisson’s ratio, shown in Figure 
4.4, had little effect on either breakout or fracture mudweight, as the stresses around the 





Figure 4.2. Sensitivity of wellbore stability analysis for wells along each principal stress 
































































Figure 4.3. Sensitivity of wellbore stability analysis for wells along each principal stress 





Figure 4.4. Sensitivity of wellbore stability analysis for wells along each principal stress 






















































































































The sensitivity of the wellbore stability analysis based on the uncertainty of the 
in-situ principal stress magnitudes is included in Figure 4.5 through Figure 4.7. These 
figures show the possible effect of the uncertainty of each parameter. For wellbores along 
each of the stress orientations, there breakouts or fracture mudweight do not change as a 
function of the principal stress gradient in the same direction. Figure 4.5 shows the effect 
of variation of the vertical stress gradient which resulted in a change in breakout 
mudweight of 1.9% and 2.0% and fracture mudweight of 1.7% and 1.2%, for horizontal 
wells along the minimum and maximum horizontal stress orientation. The sensitivity of 
the maximum horizontal stress is shown in Figure 4.6. In this case, the mudweight 
window is affected more, as a result of the large range of values for this stress gradient. 
The sensitivity analysis of maximum horizontal stress resulted in a change in breakout 
mudweight of 15.9% and 3.9% and fracture mudweight of 14.2% and 24% for a vertical 
well and a horizontal well along the minimum horizontal stress orientation. For the 
wellbore in the minimum horizontal stress direction, the breakout mudweight initially 
decreases with increase in maximum horizontal stress gradient. In the higher ranges 
however, the effect switches. This is due to the maximum horizontal stress increasing 
beyond the vertical stress. Change in minimum horizontal stress, shown in Figure 4.7, 
resulted in a change in breakout mudweight of 1.2% and 1.3% and fracture mudweight of 








Figure 4.5. Sensitivity of wellbore stability analysis for wells along each principle stress 





Figure 4.6. Sensitivity of wellbore stability analysis for wells along each principal stress 























































































































Figure 4.7. Sensitivity of wellbore stability analysis for wells along each principal stress 




This analysis highlights the importance of accuracy of each input parameter in the 
geomechanical model used for wellbore stability analysis. Table 4.3 shows the calculated 
percentage change in the breakout and fracture mudweight, for wellbores along each 
principal stress orientation, with variation in each input parameter individually. As can be 
seen, the greatest variation in estimated breakout mudweight results comes from UCS, β , 
and the maximum horizontal stress. As stated previously, the effect of the variation in the 
maximum horizontal stress occurs since clear bound on this stress can be determined. 
Thus, the value is assigned to a very large domain. The parameters that have the largest 
































































Table 4.3. Percentage change in mudweight required to avoid breakouts (∆ Breakout 
Mudweight) and fractures (∆ Fracture Mudweight) for wellbores oriented along each 
principal stress direction (Vertical, SH, and Sh) with variation of each input parameter. 
Input Δ Breakout Mudweight (± %) Δ Fracture Mudweight (±%) 
Parameter Vertical SH Sh Vertical SH Sh 
UCS 6.2 5.5 5.8 1.1 1.2 0.9 
β 7.5 9.4 8.5 0 0 0 
Poisson's 0 0 0 0 0 0 
Sv 0 1.9 2.0 0 1.7 1.2 
SH 15.9 0 3.9 14.2 0 24.0 
Sh 1.3 1.2 0 9.1 9.4 0 
 
 
4.3.2. Value of Advanced Data Collection Techniques.  This section discusses  
the effect of advanced data collection techniques implemented in the development of this 
geomechanical model on the uncertainty of the input parameters for wellbore stability 
analysis.  
Even though no exact bounds on minimum horizontal stress could be determined, 
the consistency of the fracture closure pressure from the mini-frac tests shows that the 
values seen here are close to the actual stress gradient in the field. Without completion of 
mini-frac tests, only standard leak off tests would have been available for estimation of 
the horizontal stresses. The leak off test data shown in Table 3.1 includes results from 
four leak off tests completed in this field (ranging in depth from 554-581 m). These tests 
show results from 1.68-2.05 sg, demonstrating the inconsistency of standard leak off 
tests. Furthermore, had mini-frac tests not been completed, the only clear possible 
assumption for domain of the minimum horizontal stress would have been that the lower 
bound of the instantaneous shut in pressures from LOT results represented the upper 
bound of this domain. This would have significantly increased the uncertainty of this 
stress, which would increase the overall uncertainty of the estimated mudweight window. 
The use of rock tests on cores also significantly reduced the uncertainty of the 
rock strength and deformation properties. Without triaxial testing results to validate the 
well log based correlations used, the uncertainty of theses parameters could not have been 




increased the domain of UCS and β greatly. Also, the implementation of well logs using 
sonic velocity measurements of both -P and -S waves lowered the uncertainty of the 
calculated Poisson’s ratio. Without well log measurement of both velocities, a 
relationship between them must be assumed in order to solve for this parameter. 
This analysis shows the value of the advanced data collection techniques applied 
to this geomechanical model development, included in section 3.2.1 and section 3.3.2. 
For geomechanical modeling of new field developments, especially in unconventional 
rock types and complex geological settings, the advanced data collection techniques 
discussed here are key for minimizing the uncertainty in both rock strength and 
deformation properties and in-situ stress magnitudes. As was also shown, the accuracy of 
these values play large role in the validity of mudweight window estimation. 
 
4.4. PROBABILISTIC WELLBORE SRABILITY ANALYSIS FIELD STUDY 
This section presents an investigation of a probabilistic approach to wellbore 
stability analysis as a tool for planning drilling operations in new field developments. 
This analysis was carried out on the reservoir sandstone, and the shale interval discussed 
in section 3.6.1. These formations were selected in order to demonstrate a probabilistic 
approach for two common lithologies. Since the formations investigated here are 
encountered in almost all petroleum field developments, this study serves as a general  
investigation of a probabilistic approach to wellbore stability for new field development 
planning. The reservoir sandstone formation was selected since this is the formation in 
which the most detailed information has been obtained, including results from mini-frac 
and triaxial tests from core samples. The shale interval was selected due to its proximity 
to the reservoir interval, as well as wellbore stability related issues encountered during 
drilling operations in exploratory wells in this formation. 
 
4.4.1. PDFs for Rock Strength and Deformation Properties.  This section  
details how the probability distribution functions for rock strength and deformation 
properties (used as input parameters in the wellbore stability analysis) were defined. This 




Distributions for rock strength and deformations properties were developed based 
on distributions of the results from the well log analysis completed for this 
geomechanical model development. As was discussed in section 4.2.1, uncertainty of the 
accuracy of the well log based rock strength and deformation property correlations was 
not considered since triaxial test data and breakout analysis had confirmed the validity of 
including this information. It is important to note that excluding the uncertainty in the 
validity of the log based correlations to the formations in this field, the resulting 
probabilistic wellbore stability analysis could appear to have less uncertainty. The test 
presented in Section 4.1.1 was used to measure the goodness of fit for each distribution 
considered. The distribution which resulted in the lowest test statistic was chosen to 
represent the data. 
For this analysis a value of α equal to 0.05, corresponding to a 95% confidence 
level, was selected. Table 4.4 and Table 4.5 show the distribution types selected for each 
rock strength and deformation property for the shale and sandstone formations. The 
calculated test statistic (shown as A-D) is also included for these distributions, along with 
the respective p-value. All p-values were greater than the α value, indicating there is not 
enough evidence to reject the null hypothesis (i.e. the selected probability distribution 
function fits the data set being represented). For data sets which had multiple 
distributions resulting in an acceptable p-value, the largest p-value that is most different 
from the others was selected. If multiple distributions resulted in similar p-values, then 
the value with the lowest test statistic was selected. 
The data distributions and chosen PDF’s for each of the rock strength parameters 
for the sandstone and shale formations evaluated are included in Figure 4.8 through 
Figure 4.13. The data set used for the shale formation included 583 data points (n=583) 








Table 4.4. Anderson-Darling statistic (A-D), and the corresponding p-value, for the 
chosen PDFs for the rock strength and deformation properties in the shale formation 
investigated. 
 Shale PDF A-D P-Value 
Poisson's Ratio Weibull 1.4134 0.199 
UCS Weibull 0.3251 0.639 
β Weibull 0.9865 0.063 
 
 
Table 4.5. Anderson-Darling statistic (A-D), and the corresponding p-value, for the 
chosen PDFs for the rock strength and deformation properties in the sandstone formation 
investigated. 
 Sandstone PDF A-D P-Value 
Poisson's Ratio Logistic 0.5338 0.117 
UCS Lognormal 0.2271 0.713 






Figure 4.8. Plot of reference data for UCS and the Weibull PDF which was the best fit for 


















Figure 4.9. Plot of reference data for UCS and the lognormal PDF which was the best fit 
for the sandstone formation (n=230). 
 
 
Figure 4.10. Plot of reference data for Poisson’s ratio and the Weibull PDF which was the 





































Figure 4.11. Plot of reference data for Poisson’s ratio and the logistic PDF which was the 
best fit for the sandstone formation (n=230). 
 
 
Figure 4.12. Plot of reference data for β and the Weibull PDF which was the best fit for 






































Figure 4.13. Plot of reference data for β and the Logistic PDF which was the best fit for 




4.4.2. PDFs for In-Situ Principal Stresses.  This section details how probability  
distribution functions were defined for the principal in-situ stress gradients for these 
simulations. It is difficult to determine the level of uncertainty of the principal in-situ 
stress gradients. Limited measurement and analysis does not result in enough data points 
upon which to fit a PDF, based on the method used for the rock strength and deformation 
property distributions. Further, as was discussed in in section 0, it is difficult to define a 
possible range for the minimum and maximum horizontal stress gradients. As presented 
in section 2, wellbore stability analyses in other investigations were based on the 
assumption of a normal distribution for all three in-situ principal stress gradients (Liang, 
2002; Moos et al., 2003). However, there is no basis for selecting such a distribution 






















For the preliminary probabilistic analysis of wellbore stability, the in-situ stresses 
were considered to have a uniform distribution of stress gradients. These distributions 
were applied to the entire domains presented in section 0. 
4.4.3. Iterations in Simulation.  Monte-Carlo simulations can be conducted for  
any number of iterations. Since this method is computationally intensive, a convergence 
test is completed in order to minimize the number of required iterations. Convergence is 
achieved when the change in the outcomes between two successive iterations is less than 
a predetermined tolerance level. 
The program used to complete the probabilistic wellbore stability analysis 
calculated a confidence level that the parameters describing the distribution of the results 
(i.e. mean, median and standard deviation) are within a certain percentage of what the 
values would be if the simulation was run infinitely. From this, the specified level of 
certainty on the input parameters must be selected to determine when convergence of the 
simulation has been achieved. It was decided that a confidence of 95% was to be 
achieved for the range of the standard deviation. The accuracy of the standard deviation 
of the results from1-5% was investigated. At a minimum accuracy of 5%, less than 1,000 
iterations were required to achieve a standard deviation with 95% confidence of being 
within that range. However, the resulting distribution was very irregularly shaped with 
such a low number of simulated data points. For an accuracy of 1% on the standard 
deviation, 25,100 trials had to be completed to achieve a confidence level of 95% that the 
standard deviation of the results was within this range. This increase in the number of 
iterations represents a very large increase in computational time. Other accuracy levels 
for the standard deviation were investigated and it was determined that simulations would 
be conducted until 95% confidence that the standard deviation of the resulting data set 
was within 2.5% of what the standard deviation would be if the simulation was run 
infinitely was achieved. At this, level the cumulative probability distribution showed the 
same results as the previous analysis (mudweights for every 10% percentile were the 





4.4.4. Correlation of Input Parameters.  This section details how correlations  
For this analysis, correlations were considered between rock strength and deformations 
properties and between in-situ principal stresses. The correlation coefficients for rock 
strength and deformation properties were calculated based on the method presented in 
Section 4.1. The dataset from which the PDFs were determined was used to determine 
correlations. Table 4.6 and Table 4.7  show the calculated Spearman rank correlation 
coefficients for the shale and sandstone formations as well as the corresponding p-values. 
An α value of 0.05 was selected for this analysis. For the shale formation, a strong 
negative correlation was determined between UCS and Poisson’s ratio, while a strong 
positive correlation was found between UCS and β. For the sandstone formation, a 
moderate positive correlation was found between UCS and β but no correlation was 




Table 4.6. Calculated correlation coefficients for rock strength and deformation 
properties for the shale formation. 
Correlation Correlations Coefficient p-value 
UCS-Poisson's Ratio -0.7874 <0.0001 




Table 4.7. Calculated correlation coefficients for rock strength and deformation 
properties for the sandstone formation. 
Correlation Correlations Coefficient p-value 
UCS-Poisson's Ratio -0.0004 0.9949 
UCS- β 0.5153 <0.0001 
 
 
General compaction theory indicates that horizontal stresses will increase as 
vertical stress increases (Terzaghi and Richart, 1952). Therefore, it was determined that 




(correlation coefficient of 1) with the vertical stress gradient. As was previously 
discussed in section 0, no data is available upon which to determine a distribution for the 
maximum horizontal stress. This means that the maximum horizontal stress could be any 
value within its defined domain for any value of vertical stress within its defined domain. 
As such, no correlation between maximum horizontal stress and the vertical stress could 
be determined, despite the fact that in general, the horizontal stresses increase with 
increased vertical stress. 
4.4.5. Probabilistic Wellbore Stability Results.  This section presents the  
application of the probabilistic approach to wellbore stability analysis as applied to a 
study field. Wellbore stability analysis was completed for the minimum allowable 
mudweight to avoid breakouts as well as the maximum allowable mudweight to avoid 
fractures. Monte-Carlo simulations of this process were completed, for the sandstone and 
shale formations investigated, for wellbores along the direction of all three in-situ 
principal stresses.  
This analysis was completed for four separate input models. Input Model 1 was 
developed using the first set of PDFs, defined in the previous section. Input Model 2 was 
developed to investigate this approach assuming a normal distribution for the in-situ 
principal stress gradients. Input Model 3 was developed to investigate the effect of an 
increase in certainty of the maximum horizontal stress. The final analysis was completed 
on Input Model 4 to demonstrate the effect of modeling failure in a weak section of the 
formations. 
Figure 4.14 through Figure 4.19 show the results from the simulations for the 
shale interval investigated based on Input Model 1. The histograms show the results of 
breakout and fracture mudweights. The cumulative probability distributions show the 
probability of avoiding any breakouts, or fractures respectively, for a given mudweight. 
The mudweight for which the probability of avoiding failure is 50% (shown as P50) is 
shown, which indicates the mean of the overall distribution. In order to select a 
mudweight for drilling new wellbores, an acceptable level of risk of wellbore failure must 
be chosen. For this analysis, an acceptable risk of wellbore failures of 20% was selected. 
This corresponds to the values indicated in the cumulative probability distributions, 






           a)                                                                  b) 
Figure 4.14. Results for vertical well in the shale formation (Input Model 1) a) Histogram 
of breakout mudweight results (n=2400) b) Cumulative probability distribution of 





           a)                                                                  b) 
Figure 4.15. Results for vertical well in the shale formation (Input Model 1) a) Histogram 























































































   
           a)                                                                  b) 
Figure 4.16. Results for a horizontal well, along the minimum horizontal stress azimuth 
in the shale formation (Input Model 1) a) Histogram of breakout mudweight results 





           a)                                                                  b) 
Figure 4.17. Results for a horizontal well, along the minimum horizontal stress azimuth 
in the shale formation (Input Model 1) a) Histogram of fracture mudweight results 















































































           a)                                                                  b) 
Figure 4.18. Results for a horizontal well, along the maximum horizontal stress azimuth 
in the shale formation (Input Model 1) a) Histogram of breakout mudweight results 





           a)                                                                  b) 
Figure 4.19. Results for a horizontal well, along the maximum horizontal stress azimuth 
in the shale formation (Input Model 1) a) Histogram of fracture mudweight results 




Figure 4.14 and Figure 4.15 show the mudweight window for a vertical well in 
the shale formation. For the breakout mudweight, the P80 value is 1.59 sg and the P50 














































































1.97 sg. The P50 and P80 values, breakout and fracture mudweight and all well 
orientations are included in Table 4.8. These probabilities show the estimated mudweight 





Table 4.8. P50 and P80 values for the breakout and fracture mudweight in the shale 
formation. 
Orientation Breakout Fracture 
  P50 P80 P50 P80 
Vertical 1.45 1.58 1.97 1.82 
Sh 1.54 1.62 2.51 2.09 




Figure 4.20 through Figure 4.25 show the results from the simulations for the 
sandstone interval investigated based on Input Model 1.  Breakout and fracture 
mudweights are shown for wells oriented in all three principal in-situ stress directions. 
Once again, the histograms show the results of breakout and fracture mudweights and the 
cumulative probability distributions show the probability of avoiding any breakouts or 
















           a)                                                                  b) 
Figure 4.20. Results for vertical well in the sandstone formation (Input Model 1) a) 
Histogram of breakout mudweight results (n=3150) b) Cumulative probability 





           a)                                                                  b) 
Figure 4.21. Results for vertical well in the sandstone formation (Input Model 1) a) 
Histogram of fracture mudweight results (n=3150) b) Cumulative probability distribution 


















































































           a)                                                                  b) 
Figure 4.22. Results for a horizontal well, along the minimum horizontal stress azimuth 
in the sandstone formation (Input Model 1) a) Histogram of breakout mudweight results 





           a)                                                                  b) 
Figure 4.23. Results for a horizontal well, along the minimum horizontal stress azimuth 
in the sandstone formation (Input Model 1) a) Histogram of fracture mudweight results 


















































































           a)                                                                  b) 
Figure 4.24. Results for a horizontal well, along the maximum horizontal stress azimuth 
in the sandstone formation (Input Model 1) a) Histogram of breakout mudweight results 





           a)                                                                  b) 
Figure 4.25. Results for a horizontal well, along the maximum horizontal stress azimuth 
in the sandstone formation (Input Model 1) a) Histogram of fracture mudweight results 




Figure 4.20 and Figure 4.21 show the results for the mudweight window for a 
vertical well in the sandstone formation. For the breakout mudweight, the P80 value is 








































































and the P50 value is 1.84 sg. The P50 and P80 values, breakout and fracture mudweight 




Table 4.9. P50 and P80 values for the breakout and fracture mudweight in the sandstone 
formation. 
Orientation Breakout Fracture 
  P50 P80 P50 P80 
Vertical 1.29 1.40 1.99 1.84 
Sh 1.38 1.42 2.51 2.08 




These distributions, determined using Input Model 1, include a correlations 
between input parameters, as was discussed in Section 4.4.4. It is assumed that these 
correlations are considered in order to correctly represent the uncertainty of the input 
parameters. However, after considering a set of simulations in support of this assumption, 
it was shown that there was (effectively) no change in the results from this case as 
compared to the case when the correlations for any wellbore orientation were not 
included. Figure 4.26 and Figure 4.27 show the results for breakout and fracture 
mudweight for a horizontal wellbore along the minimum horizontal stress azimuth 
through the shale formation using Input Model 1 with the exclusion of correlations 
between the input parameters. The lack of change in the results, with the exclusion of 
correlations, could be due to the fact that the in-situ stresses and rock strength and 
deformation properties as a group are not correlated. Rather, the in-situ stresses are only 
individually correlated with other rock strength and deformation properties, or other in-
situ stresses. In addition, the vertical stress was shown to have little effect on the results 
(Section 4.3.1) due to its low uncertainty. Therefore, the largest uncertainty from stresses 






   
           a)                                                                  b) 
Figure 4.26. Results for vertical well in the shale formation without correlations (Input 
Model 1) a) Histogram of breakout mudweight results (n=2400) b) Cumulative 




           a)                                                                  b) 
Figure 4.27. Results for vertical well in the shale formation without correlations (Input 
Model 1) a) Histogram of fracture mudweight results (n=2400) b) Cumulative probability 
distribution of fracture mudweight results. 
 
 
Practically speaking, the resulting mudweight distributions (based on Input Model 
1) are too large to select a mudweight for planned well paths. The broadness of these 
distributions falsely narrows the operational mudweight window beyond realistic values 
when compared to results from the reference wells in this field. The well section 











































































1.36 sg in all five reference wells. The cumulative distribution for the estimated breakout 
mudweight for this formation (Figure 4.14) shows a likelihood of breakouts occurring of 
69-70% for these mudweights. 
As shown in Section 3.5.2, Mogi-Coulomb criterion, results more closely matched 
the actual wellbore failure for vertical wellbores through the shale formation. Applying 
Mogi-Coulomb failure criterion resulted in a reduction of 0.075 sg in the estimated 
minimum mudweight. Since the failure criterion only determines when the rocks fail, and 
does not affect the stresses around the wellbore, the same reduction in required 
mudweight could be assumed if the probabilistic analysis was completed based on the 
Mogi-Coulomb failure criterion. Therefore, the same analysis completed for Mogi-
Coulomb based breakout estimates would result in a 40-50% likelihood of breakouts for a 
mudweight of 1.35 sg in the shale formation. However, during exploratory drilling 
breakouts were not observed when drilling with a mudweight of 1.35 sg. 
As was shown in section 4.3.1, the in-situ stress gradients have a large effect on 
the calculated mudweight window. As such, much of the uncertainty in the resulting 
probability distributions of the required mudweight may come from the uncertainty of the 
in-situ stresses. For this reason, an investigation of the PDFs for the in-situ stress 
gradients was carried out. 
As stated before (section 0), there is no basis for applying any specific distribution 
to the in-situ stress gradients for the Monte-Carlo simulation. As such, uniform 
distributions were applied to these inputs. Another set of analysis was completed for 
which a normal distribution was assumed for all three in-situ principal stress gradients. 
Since sufficient data was not available upon which to fit this distribution, it was based on 
the previously determined bounds on each stress. A distribution was used which placed 
the 5th percentile and the 95th percentile at the previously stated bounds for each stress 
respectively. Therefore, this distribution placed ninety percent of the assumed values 
inside the bounds of each stress. The normal stress distributions, for the in-situ principal 
stress gradients, were combined with the rock strength and deformation property PDFs 
from Input Model 1 for Input Model 2. 
Input Model 2 was used to carry out another set of Monte-Carlo simulations for 




through Figure 4.33 show the results of the simulations completed with the addition of a 
normal distribution on the in-situ stress gradients, for the shale formation. While 
simulations were carried out for both formation types, the overall trends were identical. 




           a)                                                                  b) 
Figure 4.28. Results for vertical well in the shale formation (Input Model 2) a) Histogram 
of breakout mudweight results (n=3,100) b) Cumulative probability distribution of 




           a)                                                                  b) 
Figure 4.29. Results for vertical well in the shale formation (Input Model 2) a) Histogram 












































































    
           a)                                                                  b) 
Figure 4.30. Results for a horizontal well, along the minimum horizontal stress azimuth 
in the shale formation (Input Model 2) a) Histogram of breakout mudweight results 





           a)                                                                  b) 
Figure 4.31. Results for a horizontal well, along the minimum horizontal stress azimuth 
in the shale formation (Input Model 2) a) Histogram of fracture mudweight results 








































































           a)                                                                  b) 
Figure 4.32. Results for a horizontal well, along the maximumm horizontal stress azimuth 
in the shale formation (Input Model 2) a) Histogram of breakout mudweight results 




           a)                                                                  b) 
Figure 4.33. Results for a horizontal well, along the maximum horizontal stress azimuth 
in the shale formation (Input Model 2) a) Histogram of fracture mudweight results 
(n=3,450) b) Cumulative probability distribution of fracture mudweight results. 
 
 
Comparing the results from this analysis with the previous simulations, it can be 
seen the overall shape of the distributions was changed. The main difference is in the 
distributions of the fracture mudweight for all three well orientations. Comparing Figure 
4.33 to the distribution in Figure 4.19, it can be seen that by assuming a normal 
















































































distributions was reduced. However, the overall range of the results was increased. This 
is due to the defined normal distributions which allowed for 10% of the trial values to fall 
outside of the ranges used for the uniform distribution.  
Overall, the simulation with normal PDFs for the in-situ stress gradients yielded 
very little change to the resulting distributions for the mudweight window. Table 4.10 
shows the P50 and P80 values for breakout and fracture mudweight for each well 
orientation considered here. Comparing these results to the values included in Table 4.8 
(results from the simulations with uniform distribution on in-situ stress gradients), there 
is almost no change evident in the corresponding P50 and P80 mudweight values. 
The shape of the cumulative distribution plots from the preliminary simulations 
can be approximated well by a linear curve for a large portion of the distribution. 
Cumulative distributions from the results from this analysis show an increase in 
nonlinearity in the tails of the distribution. The largest effect in the change of the 




Table 4.10. P50 and P80 values for the breakout and fracture mudweight in the shale 
formation with assumed normal distribution of in-situ stress gradients. 
Orientation Breakout Fracture 
  P50 P80 P50 P80 
Vertical 1.45 1.59 1.97 1.82 
Sh 1.54 1.62 2.51 2.17 




Another set of simulations was completed to investigate the probabilistic 
approach to wellbore stability analysis if further constraint could be applied to the in-situ 
stress distributions. Input Model 3 was developed for this analysis, for which a narrower 
normal distribution was assumed for the maximum horizontal stress. A distribution was 
specified in which the 10th and 90th percentiles equaled a variation of 5% of the values 




and vertical stress gradients were kept the same as the previous simulations, since these 
distributions were already more narrow than what would be obtained by basing the 
distribution on 5% of the modeled value. 
Correlations between input parameters were also included in this simulation. The 
same correlations (as above) for rock strength and deformation properties were used. 
Additionally, a moderate positive correlation of 50% was added between the maximum 
horizontal stress gradient and the vertical stress gradient. 
Figure 4.34 and Figure 4.35 show the results of this set of simulations for the 
vertical wellbore through the shale formation. The estimated mudweights for a 50% an 
80% likelihood of breakouts occurring was decreased from 1.45 sg to 1.41 sg and 1.59 sg 
to 1.48 sg. The estimated mudweights for a 50% an 80% likelihood of fractures occurring 
was increased from 1.97 sg to 2.56 sg and 1.82 sg to 2.46 sg. This shows an increase in 
the estimated operational mudweight window from this analysis. It is important to note 






           a)                                                                  b) 
Figure 4.34. Results for vertical well in the shale formation (Input Model 3) a) Histogram 
of breakout mudweight results (n=3,550) b) Cumulative probability distribution of 









































           a)                                                                  b) 
Figure 4.35. Results for vertical well in the shale formation (Input Model 3) a) Histogram 
of fracture mudweight results (n=3,550) b) Cumulative probability distribution of 




Since breakouts and fractures occur earlier in weaker rocks (for the same wellbore 
orientation and stresses), a final set of analysis was completed based on weaker sections 
of the formation instead of considering the formation as a whole. However, this assumes 
that the weak section is detected in logs from the exploration wells and will also be 
present throughout the field. Further, it also raises the question of the how much the 
variation in the well log actually represents the variation in rock strength and deformation 
properties. That is, the certainty that the well log analysis correctly represents the 
presence of a weak zone with correct rock strength and deformation properties. 
A final set of simulations was completed considering only part of the shale 
lithology (instead of the entire formation). This section was used to develop Input Model 
4, based on 200 data points for rock strength and deformation properties determined from 
well log analysis. The rocks strength and deformation properties were analyzed with the 
same method presented in section 4.4.1. All distributions resulted in p-values greater than 
the previously set α value of 5%. The in-situ stress gradient distributions were kept the 
same as the previous set of simulations. 
Figure 4.36 and Figure 4.37 show the results from this final set of analysis on a 







































estimated mudweights for a 50% an 80% likelihood of breakouts occurring was further 
decreased from 1.41 sg to 1.40 sg and 1.48 sg to 1.45 sg. The estimated mudweights for a 




           a)                                                                  b) 
Figure 4.36. Results for vertical well in the shale formation (Input Model 4) a) Histogram 
of breakout mudweight results (n=3,800) b) Cumulative probability distribution of 




           a)                                                                  b) 
Figure 4.37. Results for vertical well in the shale formation (Input Model 4) a) Histogram 
of fracture mudweight results (n=3,800) b) Cumulative probability distribution of 













































































This simulation represents a model in which the uncertainty is greatly reduced 
from that which exists in the geomechanical model (previously developed) for this field. 
A number of assumptions regarding the certainty of the input parameters have been 
included, which cannot be justified. This shows that even if the uncertainty of the input 
parameters is greatly reduced, the probabilistic approach to wellbore stability is 
ineffective as a tool for the planning of drilling operation for new field developments.  
It is important to note that the geomechanical model developed for this field 
includes some of the most advanced data collection techniques implemented in rock 
mechanical analysis for modeling of underground formations. The inclusion of mini-frac 
testing in exploratory wells for this field reduced the uncertainty of the minimum 
horizontal stress to the lowest possible level (determined by current test methods). Well 
log data, which included both acoustic compressional and shear wave travel times, 
reduced the uncertainty of the correlations used for rock deformation properties. Triaxial 
testing also reduced the uncertainty of the well log based correlations for rock strength 
and deformation properties. As such, for the Monte-Carlo simulations, uncertainty in 
these correlations was assumed to be negligible, and only the variation of the well log 
analysis based on the measured data was included. Borehole image logs were also used to 
determine in-situ principal stress orientations, which were subsequently considered to 






5. SUMMARY, CONCLUSIONS AND FUTURE WORK 
 
5.1.  SUMMARY AND CONCLUSIONS    
This study conducted wellbore stability analysis for deviated and horizontal wells, 
for a field development of a conglomerate-rich field in the Southern North Sea. The 
analysis, based on data from five existing exploratory or appraisal wells, investigated the 
effect of including extended leak off tests and mini-frac tests and rock mechanical testing 
has on the stability predictions. The Mohr-Coulomb and The Mogi-Coulomb where two 
failure criteria used in the minimum mudweight analysis to evaluate which criterion that 
matched observed breakouts and drilling experiences in the exploration wells. 
Additionally, a probabilistic approach to wellbore stability analysis for this field 
development was investigated. 
The results indicate that the Mogi-Coulomb failure criterion closely matches the 
failure which occurred during the drilling of exploratory wells in the study field. For 
vertical wellbores, the breakouts observed in the overburden formations in exploratory 
wells closely matched the Mogi-Coulomb based predictions. Also, in the reservoir 
section, the Mogi-Coulomb based analysis did not predict any breakouts for the 
mudweight used, which matched the results from all exploratory wells. 
Analysis of breakouts during drilling operations in a deviated sidetrack showed 
the validity of Mohr-Coulomb based breakout estimation for deviated wells in laminated 
formations. The geomechanical model presented here assumes isotropic rock strength and 
deformation properties. Despite the fact that the Mohr-Coulomb failure criteria 
underestimated the stability for vertical wells (wells oriented orthogonally to the bedding 
planes), this analysis showed that, for these rock types, Mohr-Coulomb failure analysis 
could accurately predict the mudweight where breakouts will occur in wells oriented 
where failure occurs in the plane of weakness (between 10o and 40o of wellbore 
inclination).  
The reservoir section, in the field development studied here, is to be drilled near 
horizontal for almost all wells. Also, both the sandstone and the conglomerate formations 
in the reservoir do not indicate visible bedding planes. Therefore, it is likely that if these 




very isotropic rock strength and deformations properties. For this reason and the high 
angle of the planned well paths, it was determined that the use of Mohr-Coulomb failure 
criterion breakout estimation would falsely raise minimum mudweight results for these 
wells. It was shown that for planning of new field developments with deviated and 
horizontal wellbores, wellbore stability analysis should be completed based on Mogi-
Coulomb failure criterion, in formations which have little lamination (can be considered 
isotropic), and Mohr-Coulomb failure criterion, in laminated formations (in which 
strength properties vary with orientation).  
Validation of the well log based geomechanical model showed that triaxial testing 
of core samples must be completed in order to effectively model formations containing 
unconventional rock types. For the sandstone formations, the strength and deformation 
properties derived from rock mechanical testing matched well with the properties 
predicted by well log based correlations. This shows that the log derived values for the 
cleaner sandstone intervals are expected to provide a good predictability of the strength 
and deformation properties. The results from triaxial tests on conglomerate core samples 
showed that the rock strength was approximately half the log derived value. However, the 
deformation properties exhibited a much closer match between testing values and log 
based values.  This showed that the deformation of these samples occurred near the 
prediction resulting from well logs until failure occurs. 
Rock strength in the conglomerate formation was determined to be a function of 
the bonding strength and stress concentration occurring at the interface between the 
granite clasts and the sandstone matrix. This was seen from failure in the conglomerate 
tests, which occurred in undulated paths between the sandstone matrix and conglomerate 
clasts. There was also a large amount of variance in strength between the different 
conglomerate core samples tested, determined to be attributed to the disbonds within the 
conglomerate. Wellbore stability analysis for the conglomerate zone, based on the well 
log and triaxial testing rock strength values, demonstrated the inaccuracy of the well log 
based geomechanical analysis without the inclusion of rock mechanical testing. 
The wellbore stability analysis performed here shows a large reduction in the 




properties. This demonstrates the need to include the collection of core samples for rock 
mechanical testing when analyzing lithologies outside the basis of the log correlations.  
The sensitivity analysis showed how the uncertainty of each input parameter 
affected the wellbore stability analysis results. For a given failure criterion it was shown 
that the greatest effect on estimated breakout mudweight is a result of uncertainty in 
unconfined compressive strength, failure angle, and the maximum horizontals stress. As 
stated previously, the effect of the variation in the maximum horizontal stress comes from 
the fact that the bound on this stress is large. The parameters that have the largest effect 
on fracture mudweight are the unconfined compressive strength (from which tensile 
strength is calculated) and the horizontal stresses. 
The probabilistic approach to wellbore stability analysis was shown to be 
ineffective for use in the planning of drilling deviated wells for new field developments, 
even with the inclusion of advanced data collections techniques for in-situ stress 
magnitude. The uncertainty of the in-situ stresses, together with the uncertainty of the 
rock strength and deformation properties, yielded results from the lead to exceedingly 
broad results for probability distributions of the minimum and maximum mudweight to 
avoid breakouts and fractures. Therefore, it is recommended for planning new field 
developments, the deterministic approach to wellbore stability be applied based on the 
best estimate of the input parameters. 
The effect of correlations between input parameters showed that the inclusion of 
these correlations resulted in little change in the outcome of the probabilistic analysis. 
Correlations exist between rock strength and deformation properties, and between in-situ 
stresses. Almost no change was seen in the results from this analysis with the inclusion of 
the correlations.  
The assumption of in-situ stresses being normally distributed (as was assumed in 
previous investigations), the yielded resulting distributions which were too broad to be 
considered practical for actual mudweight window selection. The probabilistic approach 
presented here proved ineffective, despite the assumptions which were placed on the 
uncertainty of the input parameters in this model. This method assumes that each 
formation is homogeneous across the entire area of the field. It is important to note that, 




underestimate the uncertainty of the rock strength and deformation properties. It was also 
assumed that there was no uncertainty in the correlations for rock strength and 
deformation properties, due to the analysis of breakouts and the inclusion of triaxial 
testing results in the geomechanical modeling. While the geomechanical model did limit 
the uncertainty, realistically uncertainty does exist in how well the results of the 
correlations represent actual rock strength and deformation properties. In determining the 
overburden stress, it was assumed that there was no uncertainty in bulk density from well 
logs. Further, these logs were assumed to represent the formation densities across the 
entire field. It was also assumed that the fracture closure pressure values from the two 
mini-frac tests represented the entire domain for the minimum horizontal stress gradient, 
which in practice cannot be justified.  
 
 
5.2.  FUTURE WORK 
This section highlights potential future work in this area of research. While this 
study determined that the probabilistic approach to wellbore stability analysis was 
ineffective, an increase in certainty of the input parameters could make this method more 
viable for planning drilling operations in new field developments. While sufficient data 
was not available to determine a distribution for the in-situ stresses in this field, an 
investigation into the distributions based on an area with more data available could justify 
the use of a specific probability distribution function to represent in-situ stresses (e.g., a 
normal distribution). 
The addition of spatial variation considerations may also be included in 
geomechanical modeling. Spatial variability refers to lateral heterogeneity within the 
study field, meaning  measurements from one area may not represent the input 
parameters throughout the field. When developing a geomechanical model of a new field 
development, the data is obtained from discovery and exploration wells in the area. For 
the model developed here, the reference well data was considered representative of the 
entire field based on data collected from five reference wells. A possible method to 
consider special variation is the use of polygonal declustering (Deutsch and Journel, 




These are areas around each well defined by the perpendicular bisectors between that 
well and those nearby. By weighting the data based on these areas, well data from nearby 
wells will be weighted less than that from wells further apart. One limitation with this 
method (for this particular investigation) is the small number of data points available 
across the field, meaning that such a method may not be applicable in studies such as this.  
The deterministic wellbore failure analysis may also be further developed. The 
inclusion of non-homogeneous rock strength and deformation properties could improve 
the representation of the actual properties of the modeled formations (by the 
geomechanical models). By including these considerations, failure analysis based on the 
Mohr-Coulomb failure criterion could be replaced by failure analysis based on the Mogi-
























Table A.1. Planned well path for Wellbore 1 (presented in Figure 3.17). 
MD  Inc  Azi  TVD  Formation PP BO  Frac-NP  
(mMS) (°) (°) (mMS)   (sg) (sg) (sg) 
561 19.3 49.8 551.7 Nordland Gp 1.03 1.01 2.06 
681 19.3 49.8 665.0 Nordland Gp 1.03 1.10 2.04 
741 19.3 49.8 721.6 Nordland Gp 1.03 1.13 2.03 
801 19.3 49.8 778.3 Utsira Fm 1.03 1.03 2.05 
861 19.3 49.8 834.9 Utsira Fm 1.03 1.07 2.09 
921 19.3 49.8 891.5 Hordaland Gp 1 1.03 1.18 2.06 
981 19.3 49.8 948.2 Skade Fm 1.03 1.18 2.05 
1041 19.3 49.8 1004.8 Skade Fm 1.03 1.20 2.04 
1101 19.3 49.8 1061.4 Skade Fm 1.03 1.22 2.04 
1161 19.3 49.8 1118.1 Hordaland Gp 2 1.03 1.26 2.03 
1281 19.3 49.8 1231.4 Hordaland Gp 2 1.06 1.29 1.99 
1381 19.9 47.9 1325.7 Hordaland Gp 2 1.13 1.38 2.06 
1421 22.5 41.3 1363.0 Hordaland Gp 2 1.16 1.39 2.07 
1461 25.3 36.1 1399.6 Hordaland Gp 2 1.13 1.38 2.15 
1501 28.3 31.9 1435.3 Hordaland Gp 2 1.06 1.33 2.23 
1521 29.8 30.1 1452.8 Grid Fm 1.04 1.25 2.30 
1561 32.9 26.9 1487.0 Grid Fm 1.03 1.24 2.37 
1601 36.1 24.2 1519.9 Grid Fm 1.03 1.24 2.43 
1641 39.4 21.9 1551.5 Grid Fm 1.03 1.24 2.49 
1671 40.0 21.4 1574.5 Grid Fm 1.03 1.24 2.51 
1691 38.2 21.8 1590.0 Grid Fm 1.03 1.25 2.47 
1711 36.5 22.2 1605.9 Hordaland Gp 3 1.03 1.33 2.46 
1751 33.0 23.2 1638.8 Hordaland Gp 3 1.12 1.38 2.31 
1791 29.5 24.3 1673.0 Hordaland Gp 3 1.16 1.40 2.20 
1831 26.1 25.7 1708.3 Hordaland Gp 3 1.16 1.42 2.14 
1851 24.3 26.5 1726.4 Hordaland Gp 3 1.12 1.41 2.15 
1861 23.4 27.1 1736.0 Balder Fm 1.12 1.28 2.16 
1881 21.7 28.1 1754.1 Sele Fm 1.06 1.39 2.17 
1911 19.2 29.9 1782.2 Lista Fm 1.03 1.36 2.17 
1941 16.6 32.4 1810.7 Lista Fm 1.03 1.37 2.15 
1991 12.5 38.6 1859.1 Våle Fm 1.03 1.23 2.14 
2001 11.7 40.3 1868.9 Ekofisk Fm 1.03 1.04 2.19 
2022 10.0 44.9 1889.8 Hod Fm 1.03 1.05 2.17 







Table A.2. Planned well path for Wellbore 2 (presented in Figure 3.18). 
MD Inc Azi TVD Formation PP BO Frac-NP 
(mMS) (°) (°) (mMS) 
 
(sg) (sg) (sg) 
501 19.3 49.8 495.1 Nordland Gp 1.03 0.96 2.08 
561 19.3 49.8 551.7 Nordland Gp 1.03 1.01 2.06 
621 19.3 49.8 608.3 Nordland Gp 1.03 1.06 2.05 
681 19.3 49.8 665.0 Nordland Gp 1.03 1.10 2.04 
741 19.3 49.8 721.6 Nordland Gp 1.03 1.13 2.03 
771 19.3 49.8 749.9 Utsira Fm 1.03 1.02 2.06 
861 19.3 49.8 834.9 Utsira Fm 1.03 1.07 2.09 
891 19.3 49.8 863.2 Hordaland Gp 1 1.03 1.16 2.06 
951 19.3 49.8 919.9 Hordaland Gp 1 1.03 1.20 2.05 
981 19.3 49.8 948.2 Skade Fm 1.03 1.18 2.05 
1041 19.3 49.8 1004.8 Skade Fm 1.03 1.20 2.04 
1101 19.3 49.8 1061.5 Skade Fm 1.03 1.22 2.04 
1131 19.3 49.8 1089.8 Skade Fm 1.03 1.23 2.03 
1161 19.3 49.8 1118.1 Hordaland Gp 2 1.03 1.26 2.03 
1221 19.3 49.8 1174.7 Hordaland Gp 2 1.03 1.27 2.03 
1281 19.3 49.8 1231.4 Hordaland Gp 2 1.06 1.29 1.99 
1341 19.3 49.8 1288.0 Hordaland Gp 2 1.10 1.32 1.95 
1431 19.3 49.8 1373.0 Hordaland Gp 2 1.16 1.40 2.01 
1491 22.4 42.0 1429.1 Hordaland Gp 2 1.06 1.35 2.12 
1521 24.5 38.3 1456.7 Grid Fm 1.04 1.26 2.19 
1581 28.7 32.5 1510.3 Grid Fm 1.03 1.26 2.28 
1641 33.2 28.0 1561.8 Grid Fm 1.03 1.26 2.36 
1671 35.5 26.2 1586.5 Grid Fm 1.03 1.26 2.40 
1701 37.8 24.6 1610.6 Hordaland Gp 3 1.03 1.34 2.46 
1791 44.8 20.5 1678.2 Hordaland Gp 3 1.16 1.39 2.45 
1861 50.3 18.0 1725.5 Hordaland Gp 3 1.12 1.40 2.53 
1878 51.7 17.5 1736.0 Balder Fm 1.12 1.27 2.56 
1911 54.3 16.5 1756.1 Sele Fm 1.06 1.39 2.58 
1941 56.7 15.6 1773.1 Lista Fm 1.06 1.38 2.57 
2011 62.3 13.8 1808.6 Lista Fm 1.03 1.41 2.58 
2111 70.4 11.4 1848.7 Lista Fm 1.03 1.45 2.53 
2141 72.8 10.8 1858.2 Våle Fm 1.03 1.30 2.55 
2181 76.0 9.9 1869.0 Ekofisk Fm 1.03 1.11 2.60 
2311 86.5 7.4 1888.7 Ekofisk Fm 1.03 1.13 2.57 
2351 89.8 6.6 1890.0 Hod Fm 1.03 1.13 2.56 
2354 90.0 6.5 1890.0 Åsgard Fm 1.03 1.29 2.49 





Table A.3. Planned well path for Wellbore 3 (presented in Figure 3.19). 
MD Inc Azi TVD Formation PP BO Frac-NP 
(mMS) (°) (°) (mMS) 
 
(sg) (sg) (sg) 
600 20.5 220.0 594.7 Nordland Gp 1.03 1.04 2.09 
680 27.0 220.0 667.9 Nordland Gp 1.03 1.09 2.13 
720 30.3 220.0 703.0 Nordland Gp 1.03 1.11 2.16 
760 33.6 220.0 737.0 Utsira Fm 1.03 1.00 2.22 
839 40.0 220.0 800.0 Utsira Fm 1.03 1.05 2.31 
930 40.0 220.0 869.9 Hordaland Gp 1 1.03 1.16 2.28 
980 39.9 218.3 908.2 Hordaland Gp 1 1.03 1.18 2.29 
1020 39.6 212.1 939.0 Skade Fm 1.03 1.16 2.35 
1100 40.1 199.6 1000.5 Skade Fm 1.03 1.16 2.44 
1180 41.9 187.7 1061.0 Skade Fm 1.03 1.18 2.45 
1250 37.8 183.1 1114.1 Skade Fm 1.03 1.21 2.36 
1290 34.4 179.5 1146.5 Hordaland Gp 2 1.03 1.24 2.28 
1370 27.9 170.2 1214.9 Hordaland Gp 2 1.03 1.28 2.16 
1450 22.5 156.4 1287.4 Hordaland Gp 2 1.10 1.34 1.99 
1530 18.8 136.1 1362.3 Hordaland Gp 2 1.16 1.43 2.00 
1610 18.0 110.6 1438.4 Hordaland Gp 2 1.06 1.37 2.01 
1690 20.5 87.4 1514.0 Hordaland Gp 2 1.03 1.38 2.04 
1730 22.7 78.2 1551.2 Grid Fm 1.03 1.30 2.06 
1810 28.2 64.7 1623.5 Grid Fm 1.03 1.32 2.12 
1850 31.3 59.6 1658.2 Grid Fm 1.16 1.38 2.01 
1890 34.6 55.5 1691.8 Hordaland Gp 3 1.16 1.45 2.03 
1930 38.0 52.0 1724.0 Hordaland Gp 3 1.16 1.46 2.07 
1970 41.6 49.0 1754.7 Balder Fm 1.06 1.28 2.25 
1990 43.3 47.6 1769.5 Sele Fm 1.06 1.42 2.25 
2030 46.9 45.2 1797.7 Lista Fm 1.03 1.39 2.32 
2090 52.4 42.0 1836.5 Lista Fm 1.03 1.41 2.38 
2140 57.1 39.7 1865.4 Lista Fm 1.03 1.43 2.41 
2150 58.0 39.3 1870.7 Våle Fm 1.03 1.27 2.45 
2170 59.9 38.4 1881.1 Ekofisk Fm 1.03 1.08 2.51 
2210 63.6 36.9 1900.0 Hod Fm 1.03 1.10 2.52 
2220 64.6 36.5 1904.4 Åsgard Fm 1.03 1.24 2.45 
2300 72.1 33.6 1933.9 Åsgard Fm 1.03 1.26 2.45 
2502 90.6 27.5 1963.0 Åsgard Fm 1.03 1.30 2.47 







Table A.4. Planned well path for Wellbore 4 (presented in Figure 3.20). 
MD Inc Azi TVD Formation PP BO Frac-NP 
(mMS) (°) (°) (mMS) 
 
(sg) (sg) (sg) 
551 22.3 168.7 542.6 Nordland Gp 1.03 1.00 2.13 
631 27.7 168.7 615.1 Nordland Gp 1.03 1.06 2.16 
711 33.0 168.7 684.1 Nordland Gp 1.03 1.11 2.20 
751 35.7 168.7 717.1 Nordland Gp 1.03 1.13 2.22 
791 38.3 168.7 749.1 Utsira Fm 1.03 1.02 2.27 
860 38.3 168.7 818.1 Utsira Fm 1.03 1.07 2.31 
951 40.2 168.7 871.6 Hordaland Gp 1 1.03 1.17 2.29 
1011 40.2 168.7 917.4 Hordaland Gp 1 1.03 1.20 2.29 
1041 40.2 168.7 940.4 Skade Fm 1.03 1.19 2.29 
1101 40.2 168.7 986.2 Skade Fm 1.03 1.20 2.29 
1161 40.2 168.7 1032.0 Skade Fm 1.03 1.22 2.28 
1221 40.2 168.7 1077.9 Skade Fm 1.03 1.23 2.28 
1281 40.2 168.7 1123.7 Hordaland Gp 2 1.03 1.26 2.27 
1361 36.7 161.7 1185.9 Hordaland Gp 2 1.03 1.29 2.19 
1441 32.5 149.6 1251.9 Hordaland Gp 2 1.08 1.34 2.03 
1521 29.8 135.0 1320.5 Hordaland Gp 2 1.12 1.41 2.05 
1601 28.9 118.8 1390.3 Hordaland Gp 2 1.13 1.42 2.01 
1641 29.1 110.5 1425.3 Hordaland Gp 2 1.06 1.39 1.99 
1681 29.9 102.6 1460.1 Grid Fm 1.04 1.31 2.02 
1761 32.8 88.2 1528.5 Grid Fm 1.03 1.32 2.04 
1841 37.1 76.3 1594.2 Grid Fm 1.03 1.33 2.06 
1881 39.6 71.3 1625.6 Hordaland Gp 3 1.12 1.46 1.99 
1961 45.1 62.7 1684.7 Hordaland Gp 3 1.16 1.49 2.00 
2001 48.1 59.1 1712.2 Hordaland Gp 3 1.16 1.50 2.02 
2041 51.2 55.7 1738.1 Balder Fm 1.12 1.34 2.13 
2071 53.6 53.4 1756.4 Sele Fm 1.06 1.46 2.19 
2091 55.2 52.0 1768.1 Lista Fm 1.06 1.44 2.22 
2131 58.5 49.2 1789.9 Lista Fm 1.03 1.44 2.27 
2181 62.6 46.0 1814.5 Lista Fm 1.03 1.45 2.32 
2261 69.4 41.4 1847.0 Lista Fm 1.03 1.47 2.36 
2301 72.9 39.2 1860.0 Våle Fm 1.03 1.31 2.41 
2471 87.7 30.7 1888.7 Ekofisk Fm 1.03 1.13 2.52 
2486 89.0 30.0 1889.1 Hod Fm 1.03 1.13 2.53 
2541 89.0 30.0 1890.1 Åsgard Fm 1.03 1.38 2.45 






Table A.5. Planned well path for Wellbore 5 (presented in Figure 3.21). 
MD  Inc  Azi  TVD  Formation PP BO  Frac-NP  
(mMS) (°) (°) (mMS)   (sg) (sg) (sg) 
561 25.2 345.0 551.4 Nordland Gp 1.03 1.02 2.14 
681 35.2 345.0 655.0 Nordland Gp 1.03 1.10 2.20 
801 39.5 345.0 748.8 Utsira Fm 1.03 1.02 2.26 
921 39.5 345.0 841.4 Utsira Fm 1.03 1.09 2.28 
981 41.7 342.1 887.3 Hordaland Gp 1 1.03 1.19 2.25 
1031 45.0 338.4 923.7 Hordaland Gp 1 1.03 1.23 2.22 
1091 49.0 334.4 964.6 Skade Fm 1.03 1.24 2.19 
1211 57.5 327.8 1036.4 Skade Fm 1.03 1.29 2.10 
1361 68.5 321.2 1104.3 Skade Fm 1.03 1.33 2.01 
1461 71.7 319.5 1136.8 Hordaland Gp 2 1.03 1.37 1.98 
1701 71.7 319.5 1212.3 Hordaland Gp 2 1.03 1.39 1.97 
1941 71.7 319.5 1287.7 Hordaland Gp 2 1.10 1.43 1.89 
2181 71.7 319.5 1363.1 Hordaland Gp 2 1.16 1.50 1.98 
2421 71.7 319.5 1438.5 Hordaland Gp 2 1.06 1.48 2.00 
2661 71.7 319.5 1513.9 Hordaland Gp 2 1.03 1.48 2.02 
2781 71.7 319.5 1551.6 Grid Fm 1.03 1.40 2.04 
3021 71.7 319.5 1627.1 Grid Fm 1.12 1.46 1.95 
3141 71.7 319.5 1664.8 Grid Fm 1.16 1.48 1.90 
3261 71.7 319.5 1702.5 Hordaland Gp 3 1.16 1.58 1.88 
3381 68.5 319.5 1741.2 Balder Fm 1.12 1.40 1.97 
3421 65.2 319.6 1756.9 Sele Fm 1.06 1.53 2.02 
3471 61.0 319.6 1779.5 Lista Fm 1.03 1.48 2.06 
3531 56.0 319.7 1810.8 Lista Fm 1.03 1.48 2.10 
3581 51.9 319.8 1840.3 Lista Fm 1.03 1.47 2.11 
3631 47.7 319.8 1872.6 Ekofisk Fm 1.03 1.10 2.21 
3651 46.0 319.9 1886.2 Hod Fm 1.03 1.10 2.21 
3681 43.5 319.9 1907.5 Åsgard Fm 1.03 1.23 2.14 
3723 40.0 320.0 1939.0 Åsgard Fm 1.03 1.23 2.15 
3771 37.6 320.0 1976.3 Åsgard Fm 1.03 1.23 2.15 
3801 36.1 320.0 2000.3 Åsgard Fm 1.03 1.23 2.14 
3831 34.6 320.0 2024.7 Åsgard Fm 1.03 1.23 2.14 
3861 33.1 320.0 2049.6 Åsgard Fm 1.03 1.23 2.14 
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